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DISCLAIMER

This eport was prepared for the California Energy Commisdime gy Commissidrior internal use and information
dissemination. Th&nergy Commissiaioes not:

a) Make any warranty orepresentationv expressed or impliest with respect to the accuracy, completeness,
or usefulness of the information contained in théport,

b) Assume any liability with respect toor damages resulting fromthe use of thanformation disclosed in this
report, or

c) Imply endorsement of thinformation mentioned in thiseport.

The technologies and strategies in this report were selected based on the best available and most recent literature
that could be identified. This report is not expected to be an exhaaidisv of technology options. All estimates are
intended for guidance at a higavel and those pertaining to cost, performance, and otherwise should not be
misconstrued to infer suitability for an individual project.
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Executive Summary

This technical agessment representfask 2 ofAgreement 30017-005, Research Roadmap for Cost and
Technology Breakthroughs for Renewable Energy Generation.

X The purpose of the research roadmap is to identify, descahd prioritize research, development,
demonstration and deployment (RDD&D) on technology opportunities that have potential to
achieve high% v SE 3]}v }( E VA o v EPC Jvi} o0](}EV] [+ o SE]

X The purpose of the technical assessment is to identify the current baseline anthlass
renewable energy resource technologies and strategies, including cost and performance attributes.

These efforts seek to identify and prioritize research on the most critical RDD&D gaps that need to be
E - 3} Z] A 0](}EV] [+ P} o pdanetEatipns oPr@Eewdm® edef§ydesources in

investorowned utility (OU) service territories. Results of the analyses may be used to strategically target

future Electric Program Investment Chargd’(¢investments in a manner that provides optimal beitef

to IOU electric ratepayers and maximizes the use of public research and development investments.

California Public Resources Code Section 25711.5(a) rethatdsPIcfunded projects benefit electricity
ratepayers and lead to technological advancemamtl breakthroughs to overcome barriers that prevent
Z] A uvs }( 8Z 5 & [+ 58 SuS}EC v EPC P} o+X

Senate Bill 100 (SB 100) has establighegets of 60% of electricity production from renewakleurces by
2030 and 100% zetcarbon electricity by 2048 Californiat As can be inferred frorRigure EQ California
must effectively double its renewable energgpacity in a little over a decade and replace all fossil fuel
v EPC P v & 8]}v ~169 }( 8Z <3 S [+ S}S 0 0 SE]ISC % ]SCe ]Jv ip

Figure EQ. 2017 California Energy Mix
energy.ca.gov/almanac/electricity data/total_system_power.html

LAATIT o](}JEV] ZVv A o+« WIES(}O]} "8 v E WEIPE uW ulee]}ve }( PE vZ}utemierdoU_ o]
2018, accessed Decemb7, 2018eqinfo.legislature.ca.gov/faces/billNavClient.xhtmlI?bill_id=201720180SB100
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The technical assessmeist organized by the technology areas showfigure EQ. These technology
areas serve as the foundation for a roadmapofential EPIC funding initiatives that could allow California
to achieve itstatutory energy goals

Figure EQ. Technologies Areas Covered by thehrgcal Assessment

Analysts identified key cost and performance attributes and characterized research & development (R&D)
opportunity areas for each technology area throwgletailed review ofechnology roadmaps, regulatory
agency reports, academicditature, and research publications and through numerexgert interviews

The chapters of the tech assessment are organized by the technology areas sheégurénE2 and

according tdollowing subsections:

X Resource AvailabilityCharacterizes the extent to which the technology type is already deployed in
and how that compares with the technical potential the resource in the state.

x Technology OverviewDiscusses the use cases, costs, and performance attributes of currently
deployed and besin-class renewable energy and energy storage technologies in California.

X Research InitiativesProvides an overgiv of ongoing research initiatives from ERI other
research institutions in the United States. This provides context on the work already being done to
advance the technology areas that can inform where additional investment could fill R&D gaps.

x R&D Opprtunity Areas Describes key technical, financial, and regulatory considerations that may
enable or inhibit growth of a technology area in California. This seatsmidentifies broad
categories for R&D that expand beyond those identified in the Enefgyu ] « ] } 2028t2020
Triennial Investment Plardditionally, the section identifiespecificbreakthrough technologies
that could emerge from investments in the R&D opportunity areas.
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Investments in gridnifrastructure systemcontrols, andmodeling andorecastingsystems are necessary for
California to effectivelyntegrate more renewablesnto the grid.As more renewable energy rasees are
deployed, additional transmissidimes and related infrastructure must be installed, providing an
opportunity for the state to implement new technologies and polici€sese investments can also increase
the resilience of grighfrastructuresand operations to mitigate the risks wfeatherrelated hazards

resulting from climate changémproved resource forecastinand modeling efforts can reduce renewable
energy curtailment and optimize suppgnd demaneside resources.

Table EQ compareghe currently developed power capacity of each resousith the grosspotential
capacity of eachenewableresouce. The technically accessible energy potential for each resource will be
lower than the gross potentiaHowever,Table ES provides useful context regarding the current extent of

% 0}Cu vS v (USUE }%o%}ESHV]SC S} e PE S %M}ES]}Vv }( Z |
renewable mwer requirements.

Table EQ. Resource Availability of Variable Renewable Energy
Current Capacity EstimatedPotential

Resource Technology Type (GW) Capacity (GW
Photovoltaics 9.6 4,120
Solar :
Concentrating Solar Power 13 2,730
) Land Based 5.6 130
wind
Off Shore 0.0 160
. From Agriculture, Forestry, and
Bioenergy Municipal Solid Waste 1.3 10
Traditional 2.7 20
Geothermal  with inclusion of Enhanced
0.0 50
Geothermal Systems
SmallHydro Total snaller than 30 MWEapacity 1.7 n/a
In-Conduit Systemsnly 0.3 <1

Prices for wind and solar power have surpassed cost parity for most forms of conventional power
generation. Variable renewable power generation, namely solar power, has seen a rapid uptake in
deployment inCalifornia in recent year§Vind and solar offer the highest resource potential in California
compared to other renewablesand based windevelopment areag Californiaare currently saturated
with older turbines thatmayrequire either retrofitting oreplacementio access a greater portion of the
potentially available wind resourc®©ffshore windepresents a nascent industry that would require local
investments in technology development, meeting supply chain requirements, and operations and
maintenarce support

However, wind and solaesources are intermittent, with their time periods of generation often not
meeting time periods of high demands such, California can invest in technologies and strategies to time
shift the availability of renewableesources to meet demand. Some opportunities include investments in
concentrated solar power systems with thermal storaggpanded deployments @nergy storage
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systems or investments in technologies and strategies that enhance the capacity factorsedidtability
of variable renewable resources.

Nonvariablerenewable resources lack the sataege potential capacityas solar anavind butcan provide
the flexible generation needed to match the high penetration of intermittent renewables in the grid
Additionally, the capacity available through neariable renewable resources can provide a significant
% }ES]IV }( O]J(}EV] [+ % ]5C E <u]E u vSe ~% [Bipenergysy&Eéms]u S o
can provide additional societal value by serving@agnergy positive means of organic waste disposal and
as a forest management tool to mitigate wildfire risk. California has one of the most productive geothermal
resources in the nation. If fully developed, enhanced geothermal systems could meet rieafly a

O](}EV] [+ =« 0} v EPC u v-cEnduit h§¢toposverGystdgms can generate power
AZlo S]JVP ¢ % @E sepE u v P u v3 3§}}oirfdalon and (juEsigalwateES ve]A
systems.

As shown irFigure ES, the unsubsidized levelized cost of electricity (LCOE) of alternative energy
technologies is comparable, or superior, to that of conventional energy sources as of @0t#inued
investmentsin the technology areas described in this technical assessment may further enhance the value
proposition of renewable energy and energy storage systems. R&D investments may increase the
predictability and dispatchabilitgf renewable resourcet® accommodte grid demands.

Figure ES. Unsubsidized LCOE of various energy sources (Lazard).
&]PUE (E}u > 1 E [+ > A o]l }e8 }( v EPC Vv 0Ce]e 71i6 ~> K iiXie

2r> A o]l }e§ }( v EPC v > A o]l 1§ }( "SYE P 1ilbdatd.comipalEpectiFeylAvalizedastdibricrgd X
and-levelizedcostof-storage2018/
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Gridlevel energy storage at the transmission, distribution, and aggregated customer levels offers unique
flexibility for ensuring smooth operation of a renewablesavy gridEnergy storage systems are becoming
an increasingly importargrid resource used to complement the variability of wind and solar energy
production, avoid demand charges for customers, and even replace generation from natural gas peaker
plants.Energy storage technologies can provide multiple types of services aras$ &oth flexible load and
generation

An array of mechanical, thermal, and elecrochemical energy storage systems offer different performance
characteristics forated power, capacity, energy density, and discharge tta can be used by grid
operatorsto ensure efficient and resilient grid operatiorsthiumion batteries have emerged as the most
popular battery chemistry due to their high energy deysind increasingly lower cost8ecause of

continuing cost declines, technology improvements, andifiarity with the technology among regulatory,
utility, and permitting agencies, lithiusion is likely to dominate both #ront and behindthe-meter energy
storage procurement in the near future.

Applying the Tech Assessment to Create an EPIC Roadmap

Thetechnical assessment results constitute a broad assay of the cost and performance baselines for
current and besin-class renewable energy technologies and energy storage systems. The technical
assessment also provides tigkeinsights regarding current search initiatives in the United Statead
identifies a selection of R&D opportunities that could produce valuable emerging and breakthrough
technologies that enable California to meetstsitutory energy goals

The priority R&D opportunities will evaluated according to the Figure E®. R&D Priority Attributes
EPIC Triennial Investment Plan initiative attribuféigjre E®).2 for Roadmap

The roadmapping process will evaluate and prioritize the identifiec x Description

R&D oppatunities through consultation with experts in a series of  x Impact if Successful

virtual roadmapping webinars, direct engagement with technology x Primary Users and/or
developers and grid operators, and continued literature review anc Be”e_f'c'a”es

analysis. The collective insights of the technical assessmeritgesu X Metrics and/or Performance

. . ) _ Indicators
inputs from Ieadlng tr—,.\chno.logy area experts, and colla.bo.ratlon. wit Y —
the Energy Commission waéinpower the Energy Commission with Value Chain

an actionable research roadmap to prioritize investments that
increase thecost competitiveness, flexibility, and reli&ityi of
renewable energy generation and operation to facilitate greater
E VA o v EPC % v 3SE §]}v]vEZ <3835 [« PE] X

Program Area(s)
Ratepayer Benefits

X X X X

3n 0 $E] WEIPE u /vA +312026 TriEntBAnWSstidr@ Plan o] (}Ev] v E P CCEXBA201A023-CMF adopted
on April 27, 2017energy.ca.gov/research/epic/TEPIE1/.
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1 | Introduction
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cleanenergydriven and carbotfree electricgrid in the near future. To reach the targets of 60% of
electricity production from renewable sources by 2030 and 100% eaoon electricity by 2045, California
must drastically increase its capacity of renewable energy generation and deal with a mohgiel
Jvd PE 3]}v Z 00 VP o ep Z « A E] ]0]3C }( 8Z +3 3 [*» %}A E % E} u

Objectives
This technical assessment (TA) introduces renewable resources  rigyre1-1. Sector Topic®utline
currently operating in California and explores the current state of  for the Technical Assessment
these technologies, challenges facing their continued growth, new 2. Grid Integration Technologies

and emerging technologies and processes, and paths forvaard f and Strategies
future development. The information presented in this document 3 \Fg:::zs\lzblgi'tysca'e
forms the framework ofesearch priorities, potential partnerships, < Solar
and critical technologynilestones. This framework wikrve as a x  Wind
basis to prepare a roadmap on utilisgale renewableaneration 4. Non-Variable Utility-Scale
technologies and storage inform Electric Program Investment Renewables

. ) X Bioenergy
Charge EPI¢research, development, deployment, and diffusion x  Geothermal
(RDD&Dportfolio decisions and acaslate progress toward more X Hydroelectric

costcompetitive, flexibleand reliable renewable eneygyeneration, 5. Energy Storage
operation, and storage.

A series of webinars will explore these takeaways and result in the final roadmap that identifies the RDD&D
gaps that can be filled and associated actions that can be taken to integratpdmeirations of renewable
energy resources imvestorowned utility (OU) service territories The roadmapvill alsohelp frame the

EPIC research progrdor utility-scale, transmissicononnected renewable energy generation and storage

4ANniil o](JEV] ZVv A o« WYES(}O]} "3 Vv E WEIPE uW ulee]}ve }( PE vZ}utemerdoU_ o]
2018, accessed December 7, 20i&ginfo.legislature.ca.gov/faces/billNavClient.xhtml|?bill_id=201720180SB100
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that contributes to a balanced electricisupply. The identified breakthroughs will help Califoraizhieve
its renewable energy goals and meet the needs of @al# utilities and ratepayers.

Overview and Methodology
This TA illustrates the current landscape for renewable energy resourcesforr@al In developing the TA,
analysts conducted an extensive literature review, combined with outreach to experts in each sector. These
experts included leaders from academia, industry, national laboratories, and corporations. These interviews
focus on:

X The current state of technology development

X O](}EV] [+ E *}pE %}S vS] o

x Current issues preventing largeale deployment of renewables
X Ways to prioritize investment to support future growth

The interviews and literature review provided useful insights the challenges and opportunities
pertaining to expanded penetration of utiltgcale renewable energy technology deployment on
o0](}E&vVv] [+ o SE] PE] X

This TA includes a baseline for each renewable resource. These baselines provide context that itdorms se
of recommended actions for each technology area that will be considered in the proggiiapping

phase Figurel-2 «Z}Ae« 0](}EvV] [+ v EPC ulaihg tha} théid & Stil] & Igng way to go to

reach the SB 100 2030 target of 60% of electricity from renewable sources (currently 29.1%) and the 2045
target of 100% carbofree electricity (currently 52.9%).

Figurel-2. 2017 California Energy Mix
enerqy.ca.gov/almanac/electricity data/total_system_power.html
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Each chapter provides an overview of how teeewable Figurel-3. CrossCutting Considerations
E }pE }E § Zv}o}PC & }vSE] usS forthe Technical Assessment

current electricity profile and how that contribution has X Resource availability

changed over time. There are lessons to be learned from thi Ramp rate flexiity

sectors that have shown growth and from those that have RN mIng Sl el
remained stagnanor have contracted. The challenges and E:f:czfsggs :th;gbriitt;on
opportunities for expansion in each technology area are Cost

valuable for providing future recommendatiorfsgurel-3 Environmental impacts

summarizes some of the key factors that are important and Social impacts

comparable across sectors in this TA.

X X X X X X X

Resource availability attempts to quantify the generation potential of the available resouZalifornia

and the geographical locations that can be accessed for-a@al/or longterm expansion. Locational
information provides insight as to the proximity of renewable resources to load centers. Additionally,
resource location may provide uniquedjintegration challenges or opportunities. The resource availability
section in each chapter may also discuss relevant legislation and permitting considerations that are
particularly important if a resource is in difficdti-access terrain or regulatednd areas.

Each technology baseline is informed by current deployments that offer insight into the costs, efficiencies,
and deployment scale within each renewable technology area. Future priorities and RDD&D gaps are
focused on increasing deployment by imping technology performance and reducing costs.

The key reoccurring metrics that were identified and are presented throughout this TA are shdwaioien
1-1. In eab section, additional metrics are identified that may be technoleggcific. The metrics shown
below are higHevel and intended to provide some useful context for comparison between technology
areas and resource types.

Tablel-1. Metrics Considered for Evaluating Progress

Metric Unit Description

Renewable Energy GW Installed cumulative capacity of renewable energy plants.

Capacity

Resource Potential MW Amount of energy that can be additionally captutbtdough deployment of a

technology (hydro, wind, solar, geothermal, etc.). The overall potential can help s
which resources have the most room for growth.

Performance $/IMW Levelized cost of energy (LCOE). The net present value of energy olifer tiiehe
$/MWh power generation technology or improvement. For software, the increased capac
or generation enabled by a single application is estimated. Meant to represent a
common metric across multiple types of renewable energy and storage.

Cost $ Costof a single unit or application. Shows magnitude of investment.

Ease of Integration Months Time it takes from starting application to start of life as a generating asset. Long ¢
unknown deployments of technology indicate earlier applications with gredgkr
profiles. Includes siting and permitting times.

Curtailment MWh (%) Measured in either curtailed energy quantity or in percent reduction below what tl
resource could have otherwise produced, given sufficient demand.
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The TA for each renewable energy sector also identifies current research initiaicladjngthose ofthe
Energy Commissigi€California Independent System OperatGASO), U.S. Department of Energy (DOE),
and various state agenciednderstanding thewrrent research initiatives can help inform the Energy
Commission as to where additional investment may help to fill RDD&D gaps most effectively.

Each technology section includesasub S]}v S]So "*"Z" K% % }ESuv]sC & +» v d Z
outlines hgh-impact opportunity areas for the Energy Commissianprporating what was learned in the
literature review and expert interviews. These opportunity areas include past and present areas of interest
(E}u 8Z v EPC }uulee]}v[e W/ pla$.vv] o JVA «3u v§

Each chapter also discusses emerging and breakthrough technologies that fall within a set of identified R&L
opportunity areas and parallel research topigalflel-2). These breakthroughgpresent more targeted
opportunties for Energy Commission investment. These include updatesetndits to existing systems

and the development of new technologies that may be necessary if California is to reach its renewable
energy targets.

These R&D opportunity areas and technologies will form the basis of the roadmapping effort, in which
technobgy experts will help to prioritize technologies and strategies that the Energy Commission could
consider supporting in future investment plans.

Tablel-2. Parallel Research Topics

Parallel Research Topic Desciption

Legacy System A process or technology improvement to an established and robust technology that is
Improvement currently in use for the development of renewable energy.

Innovative System A technology or process that represents a ngay of generating or accessing renewable
Development energy.

Information Technology A modeling, computing, or assessment technology relevant to renewable energy

development.

Operations and Ongoing assessment, improvement, or maintenance refrewable energy generating
Maintenance Improvement structure.

Supply Chain A manufacturing, construction, or installation technology or process that improves renew.
energy installations.

Other New parallel research topic categories as suggested during the roadmgppicess.
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2 | Grid Integration Technologies and Strategies

Technical Assessment of Grid Connected Renewable Energy and Storage Technologies and [SR@&tegies



Grid Integration Technologies and Strategies

In2017, o](}EvV] [* 8}3 0 *CeS5 u o SE] ]8C P v E 3]}v A « }A E 187UiII1
P v B S]}vX dZ <3 § ipeludesEdpvgentidnd generation from fossil fuels, including natural gas
and coal, but also includes various RG®-emitting electric generation sources: nuclear, large

hydroelectric, and renewable generation. These-mavbon sources accounted for mattean 56% of total

in-state generation for 2017, up from 50% in 2(116.2016 alone, the annual average variable renewable
energy (VRE) penetration comprised solar photovoltaics (PV) (49.1%), wind (44.2%), and concentrating
solar power (CSP) (6.7%).

Figure2-1 «Z}Ae 0](}EvVv] [+ pupo §]Acaleresewable emefapacity by technology type
from 2010 to 2017.

Figure2-1. Cumulative Installed Larefecale Renewable Energy Capacity, 20007

57rd}S o "C*Su o SE] 'v & S]}vU_ o0](}EvV] Vv EPC }uul]ee]}vU e« E}A u & TiidU
energy.ca.gov/almanac/electricity data/total_system_power.html

6 /2016 Renewable Energy Grid Integration DatabdokS. Department of Energy, Office of Energy Efficiency and Renewable Energy, June
2018,nrel.gov/docs/fy18osti/71151.pdf

7_ 0o SE] 'v E S]}v % 15C " v EPCU_ ad¢gsEed NovemER2Q18}uu]e]}vU
energy.ca.gov/almanac/electricity data/electric_generation_capacity.html
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In addition to the installed largecale renewable energy capacity qudietl above, by the end of 2017, the
total renewable capacity in California included nearly 6,800 MW of renewablgesedfration capacity

(solar, wind, and biomass) from homes and businesses across thé stave best to utilize and monetize

the growing feet of distributed energy resources (DERs) merits consideration for informing future R&D,
operations and control systems, and information exchange platforms. Although DERs are integral to the
broader electric grid, this TA focuses on utibtyale renewale energy generation.

0](}EV] [+ 0o S8E] PE] upss %o0}C v A 3§ Zv}o}P] « v
systems to enable the integration of more renewable power
generation in pursuit of 100% carbdree electricity
generation by 2045. Effective planning can help optimize the
existing transmission system so that powemndling capacity
and energytransport capabilities are not underutilized.
Transmission expansion enables transport and sharing of
renewable electricity and reliability responsibilities.

2.1.1 | Technology Overview

2.1.1.1 | Transnission and Distribution Infrastructure

0](}EV] [« SCE& veu]ee]}v v ]eSE] uS]}v ~d™ -
infrastructure includes a vast array of higind lowvoltage
T&D lines, substations, and an extensive distribution
network. This infrastructure facilitates the bullatrsfer of
electricity from a generating station to a local distribution
network and, ultimately, delivers electricity to its various
customers in the residential, commercial, and industrial
sectorsv seeFigure2-2 for an illustrative diagrar.n total,
California has over 4,400 miles of higbitage (>230 kV)
transmission lines and over 10,300 miles ofdovitage
(<230 kV) transmission liné$.

As more renewable energy resources are deployed,
additional T&D lines and related infrastructure must be
installed, providing an opportunity for the state to
implementnew technologies for power lines, transmission
towers, and even control systems. While individual

technologies can improve the performance of existing T&D Figure2-2. Overview of Transmission and
Distribution System

8 Yracking ProgressRenewable Energy OvervidyCalifania Energy Commission, July 2018,
energy.ca.gov/renewables/tracking_progress/documents/renewable.pdf

9 ‘Electric Power eTool Webpag#©ccupational Safety artdealth Administration, ecessed November 2018
osha.qov/SLTC/etools/electric_power/scope.html

10 /State of California Energy Sector Risk Profilt).S. Department of Energy, 20E5sergy.gov/sites/prod/files/2015/05/f22/CA
Energy%20Sector%20Risk%20Profile.pdf
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networks, in concert they could achieve significant systeithe benefits.

Transmission Towers
Transnission towers present an opportunity for improvement. Existing steel eaass and vertical

insulators on existing pylons can de facto limit the transmission capacity of the T&D system. In addition,
they are tall structures that require significant resoeas to build and maintain. Replacing these steel eross
arms with insulating crosarms can allow for increases in transmission capacity of up to 150% compared to
existing infrastructure. New towers built with creasms are also 25% shorter and use fewesaurces.

Transmission Lines
Transmission lines are another T&D system component whose performance can benefit from technological

advances. Technologies such as smart wires could allow for moresieatgerenewable energy integration
into the grid whiledeferring the need for significant investments to build new power lines or upgrade
existing lines.

d} C[e *3Vv E }v g S38}E pe ]V %}A & o]v « ] v opu]vpu }v p 8}E
that is a highcapacity, higkstrength stranded condttor. Innovations in the incorporation of carbon fiber

have shown promise to reduce sag by providing tensile support, allowing cables to carry more current.
Specifically, aluminum conductor composite core (ACCC) could replace the ACSR design; AGEC is a hig
temperature, lowsag conductor that is 60% lighter than ACSR cables.

Semiconductor Technology

KSZ E | C <u]%u vS v }u%}v vSe SZ S E |JvS PE o S} SZ d° v SA}(
ripe for upgrading. New semiconductor technology susisidicon carbine (SiC) power semiconductors can
replace conventional silicon semiconductors to reduce the energy losses when electricity is converted
before delivery to customers. Specifically, this technology can enable integration of renewable erargy su
as converting ofshore wind alternating current (AC) to direct current (DC) and solar power inverters for
converting DC to AC.

High-Voltage DC Grid System (HVDC)
A highvoltage DC (HVDC) grid system can reduce transmission losses comgaigeMatage AC (HVAC)

systems, the commonly used transmission system fesldire wind farms. Deploying an HVDC
transmission system could allow for electricity to be transported in both directions. This would impreve off
shore wind transmission architagte and could also reduce transmission losses.

2.1.1.2 | Devices, Measurement, and System Controls

A closer look at the devices and system controls provides another perspective on the opportunities for
Ju%e EYAJVP §Z 3 8 }( o0](}EV] [+ o 3E]]3C PE] X & E Z&£ u%o U
controls have enabled wind generating units twhaeve performance comparable to, or even superior to,

that of conventional thermal or hydro generating units. Most of these capabilities can also be achieved by
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solar PV generating units since they share several technical characteristics with wind gebarators
(especially invertebased ones}!

Sensors, Controls, and Measurement Systems

Supervisory Control and Data Acquisition (SCADA) and Synchrophasor Technology

California and other states use a variety of tools and systems for monitoring elgdiacismission. This

includes SCADA, a system of remote control and telemetry used to monitor and control the electric
transmission systent? Although SCADA underpins the operation of modern power systems, synchrophasor
technology could prove a viable altative that improves grid reliability. Synchrophasors are time
synchronized numbers representing the magnitude and phase angle of the sine waves in electricity and are
time-synchronized for accuracy. Measurements are conducted bydpgkd monitors call® phasor
measurement units (PMUSs). These PMU measurements record grid conditions with a high level of accuracy
and provide insight into grid stability or stre'ss.

Synchrophasor technology can collect 30 to 60 samples per second, roughly 100 timethéas®&CADA.
This highly granular data enables insights into grid conditions such as:

x Early warning of grid events and dynamic behavior

x Fast identification of failing equipment and asset problems

x Deployment of better models of equipment, generators, and
the overall power system

By providing additional visibility into grid performance and
operations, deployment of PMUs and synchrophasor technology
delivers a redundant, secure operator tool and automated system
protection. In addition to its benefits for reéime operations, it also
allows for offline engineering analyses to improve grid reliability,
increase efficiency, and lower operating cost®

Direct Normal Irradiance (DNI)

More applicationspecific solutions can also contribute to a more

renewablefriendly electricity grid. One example is highlighted in a

recent Energy Commission project on a Kiiglelity solar power Figure2-3. Wireless Direct Normal
forecasting system. Theqject sought to design, deploy, and test e

11 AVhite Paper: Grid integrationf éargecapacity renewable energy sources and use of l@amacity electrical energy storage /vS Ev S]}v o
Electrotechnical Commission (IEC), 204@ ch/whtepaper/pdf/iecWRgridintegrationlargecapaciti Ren.pdf.

12 AJ.S. Electricity Industry Primer_ h XX % E&Su vS§ }( endigP@isites/jorqd/filesP015/12/f28/unitedstateselectricity-
industry-primer.pdf

BANCY ZE}%Z *}E %% 0] S]}ve ]y _ShiBrt@ridijeveckesseq November 2018
smartgrid.gov/recovery_act/program_impacts/applications_synchrophasor_technology.html

BANCY ZE}%Z *}E %% 0] S]}ve ]v_ShiBrt@mMdjevackesded Nevember 2018
smartgrid.gov/recovery_act/program_impacts/applications_synchrophasor_technology.html

15 gle}v "]oA SEnrchriptadsdrs and the Glitl_ B P@Rdrican SynchroPhasor Initiative (NASPI), September 13, 2017,
enerqy.gov/sies/prod/files/2017/09/f36/2_Modern%20Grithetworked%20Measurement%20and%20Monitoring%20Pane!%20
%20Alison%20Silverstein%2C%20NASPI.pdf
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low-cost solar instruments and sensors to monitor DNI and improve forecasting models. By optimizing and
deploying a network of these sensargach node of which is solowered and wireless this system

could strenghen forecasting models and improve reliability of generation predictions for intermittent solar
resources in largscale plants. By developing hardware and software for forecasting based en high
resolution temporal and spatial local telemetry, very shientm predictions can be improved and could

help support grid operation¥’

Light Detection and Ranging (Lidar)

Currently, controllers on wind turbines may not perform appropriately in the presence of stochastic and
unknown wind fields, hence relyingontiep & v [¢ E *%}ve S} P v E S }vSE}o S]}
technologies such as lidar can allow for sensing of the wind field before it even reaches the roter. Lidar
assisted control (LAC) has been researched andtisted to compare the performance of a béise

controller to LAC. Results have shown that measurements from aldatsd system with multiple range

gates can generate rotor average wind speed (RAWS) estimates with higher levels of correlation with wind
speed at the rotor, compared to using a dsgange gate. The use of LAC also shows higher levels of speed
control performance with significantly reduced levels of pitch activity and lower levels of tower excitation.
This is yet another technologlgat can help ensure renewable energy resourcesutiized most

effectivelyl’

Dynamic Line Rating (DLR)

DLR is a more systelavel technology that has recently been demonstrated. This technology can improve

power system transmission capacity by monitoring system conditions, especially for power plagts us

intermittent renewables such as solar, wind, tidal, and wave power. Demonstration projects conducted by
K[ "u &S "E] UlveSE 3]}v WEIPE u Z A }«ifeEapacity Zbove tie « v }(

static rating, with up to 25% additional usablgpacity made available for system operations. DLR

technology is inexpensive to install and operationally flexible, which makes it an attractive alternative to

costly transmission system upgrades. DLR systems offer a wide array of benefits to transmisgis, o

customers, and system operators, including congestion relief, greater transmission system reliability, lower

costs for consumers, and optimized dispatch of existing and new grid d3sets.

2.1.1.3 | Design, Modeling, and Resource Planning

Activities associatedith designing, modeling and forecasting, and integrated resource planning (IRP) are
just as critical as the transmission and distribution infrastructure and hardware that deliver electricity to
end-use customers. Although access to transmission is adstybarrier limiting renewable resource
development, complex challenges exist for identifying @i ctive transmission development policies.
'TA v 0o](}EV] [+ E]A 8} ]Jv E + JeSE] s P v E 3]}v v E v A o

16 MighFidelity Solar Power Forecasting Systé¢m 0](}E&v] v EGPC }uulee]}vU oo u € i6U TiioU
energy.ca.gov/research/notices/2048-07_symposium/presentations/06%20Accura@dkorecasting%20to%20Support%20the%20
Modern%20Grid/1.%20Hugo%20Pedro%20UCSD.pdf

7 AleZ | X <pu GeldTestikdbfLIDAKSsisted Feedforward Control Algorithms for Improved Speed Control and Fatigue Load
Reduction on a 608&W Wind TurbindJ _ tignal Renewable Energy Laboratory, November 2@t&.gov/docs/fy160sti/65062.pdf

18 Pynamic Line Rating Systems for Transmission Unes*u ES§ 'E] UlveSE S]}v WE}IPE uU % E]o TAU TiioU
smartgrid.gov/files/SGDP_Transmission DLR_Topical Repéts-D4 FINAL.pdf
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neededto identify transmission infrastructure improvements that would best support development of

mixed renewable technology applications. This can help improve coordination of centralized and
distributed power generation. Several existing modeling tools canraplish optimization analysis, but
additional research can improve these tools for use at a range of scales to ensure the best use of available
renewable resource®

To identify the optimal resource mix of suppand demaneside resources, IRP must%as p G Ze[ JU%o
on the T&D system. Examples of impacts not captured in recent IRP modeling include avoided T&D costs
and DER integration costs, including both interconnection and renewable integration. These costs and
associated benefits can vary sigeegintly and depend on location, load growth, and the associated DER
resource mix that is forecasted. Considering the locational value of DERs in IRP can help ensure tariffs and
procurement policies appropriately value DERAlthough more progress is needlén this area, improved
resource forecasting and modeling efforts can enable better estimation of the locational value of DERs and
ensure they are accurately accounted for in IRP modeling. The modeling and forecasting tools discussed
below are advancinghe state of the art.

RenewableResourceForecasting
Utilities and grid operators rely on complex modeling and forecasting tools to determine the appropriate

resources to be dispatched to meet electricity demand. Similarly, utilities and power genaratstplan
future resource needs and) the case of renewable energy resource planning, forecast weather patterns.
These functions require thorough models and forecasting tools to inform decisions relating to grid design
and planning investments for gridfrastructure upgrades and expansion of service areas.

Weather models have become increasingly sophisticated and include algorithms that provide very short
term predictions of solar power generation by relying solely on past values of solar power dega. Th
univariate timeseries prediction tools can generate the forecast output in less than a second. Accurate
weather models and renewable resource forecasts are imperative to limiting curtailofievind and solar
energy??

Curtailment is an effective todbr independent system operators (ISOs) to manage oversupply of

renewable resources when there is inadequate customer demand, but using this strategy also indicates lost
opportunity. Although roughly 2,000 MW of solar capacity has been added in eachlaebthbree years,
curtailment is also on the rise in California. In 2015, the California ISO (CAISO) was forced to curtail over
187,000 MWh of solar and wind generation. In 2016, that total rose to over 300,000 ¥Wh.

Deployment of systems such as the Higdelity Solar Power Forecasting System, LAC, and even DLR
technology could help reduce curtailment and improve the economics of4segke solar plants. Enhanced
forecasts can also help power plants participate in the-tmaé market and can reduce imalance with

¥ E] v :vllve v u Rerewalid Bnérgy Resource, Technology Bowhomic Assessmerdts. 0] (}Ev] v EPC }Juu]e<]}
January 2017energy.ca.gov/2017publications/CH500-2017-007/CEE00-201 7-007.pdf

20 Consideration of Btribution Costs and Benefits of DERs inURP o] (}@&v] Wp o] hs8]o]8] ¢ }luu]ee]}vU D C 71U T1iidl
cpuc.ca.gov/uploadedFiles/CPUCWebsite/Content/Utilitiesindustries/Energy/EnergyPrograms/ElectPowerProcurementGenerdiisi/irp/2
Consideration%200f%20Locational%20Value%20iiF20P0580-18%20IRP%20MAG.pdf

21 Curtailment is the reduction of output of a renewable power plant below what it could have otherwise produced.

22 fFFast Facts: Impacts of renewable energy on grid operatibns o] (}E&v] dadisoldoim/ddduments/curtailmentfastfacts.pdf
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CAISO. Furthermore, there is a need to better understand the behavior of clouds, fog, and aerosols, with
corresponding advances in modeling to forecast fog and stratus conditions.

Net Load Forecasting
Net load represents the load that is tradi®etween a microgrid and the utility grid. It is an important

concept for resource allocation and electricity market participation at the point of coupling between the
interconnected gridg2 Increased use of ndbad forecasting can improve the operatiand management

of power grids with high renewable energy penetration. The CAISO Baseline Load Forecast Model can also
improve forecasts of measured loads for forecast horizons of 15 minutes ahead out to 10 days ahead.
Although the modeling framework compas a set of 193 individual forecast models, none of these models
includes the impact of behinthe-meter (BTM) solar PV on measured loads. Integrating BTM forecasting

can improve load forecasting accuracy and reduce forecast errors.

Improved netload forecasting could also benefit the rise in DER aggregation, or virtual power plants, which
help distributed PV and other DERs such as battery storage and electric vehicles (EVs) to provide demand
response (DR), voltage regulation, and other important gridisesv When many DERs are aggregated to
provide certain services simultaneously, they can deliver ancillary and other services that enhance grid
reliability. This could also open new value streams for renewable generation assets, including PV and
emerging [ERs and help expand their deployment and transform energy matkets.

FASTFarm Wind Turbine Performance Modeling
FASTarm a tool developed by the National Renewable Energy Laboratory (NREL), isphyaitts

engineering tool to predict the performance duoads of wind turbines® The tool solves the aeroydro-
servoelastic dynamics of each individual turbine and accounts for ambient wind in the atmospheric
boundary layer, wake deficits, advection, deflection, meandering, and merging.

2.1.1.4 | Grid Resilience tiNatural and Other Hazards

According to the National Oceanic and Atmospheric Administration (NOAA), the most frequent natural
hazards from 1996 to 2014 were thunderstorms and lightning, which occurred every year. Over that same
time, the largest annualizeproperty loss (in millions of dollars per year) due to natural hazards was
attributed to wildfires?® An NOAA analysis shows that the frequency of billohar disaster events is
increasing, highlighting the importance of improving the resilience ofighidstructure and related

systems’’

2y v% E § < u@etldaddoxedasting for high renewable energy penetration gubsergy 1142016): 10731084,
semanticscholar.org/f73e/b182180cb897da21ea8d88900e5d396c16¢8.pdf

24Jeffrey J. }}1  § &xplinding PV Value: Lessons Learned from tli#idyDistributed Energy Resource Aggregation in the USitatbsU _
National Renewable Energy Laboratory, November 2018,
nrel.gov/docs/fy190sti/71984.pdf?utm_source=NREL+Solar+Market+Research+and+Analysis&utm_campaign=66f44ace56
EMAIL_CAMPAIGN 2018 11 12 06_13&utm_ medium=email&utm term=0_7e9563fadace56289284671

25 e}v :}viu VUIX& ®EuU_ E §]}vo Zv A o v EPC >nwrdllg@®EASTFanifiU TiioU

26 /State of California Energy Sector Risk Profile).S. Department of Energy, 20Emergy.gov/sites/prod/files/2015/05/f22/CA
Energy%20Sector%20Risk%20Profile.pdf

27~ 1o egllar Weather and Climate Disasters: OveryieMational Oceanic and Atmospheric Adminisiat accessed November 2018
ncdc.noaa.gov/billions/
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dZ 53 8 [ed” JV(E SEpN SPE |- -rqlated®aZirds reshltiAg fbm cimate change or

other natural weather events, such as wildfires and droughts, acts of terrorism, and sabotage. Although
most higorical fires have had minor impacts on the grid, a few fires have had significant impacts. Wildfire
risks are also growing at different rates around the stat€E J«1 ]« v}A Z]PZ «§ o}vP ~}u3z Ev
coastal mountains, while risk is growing fastiesthe mountains of Northern Californfa.

Key equipment such as transformers can vary in size and configuration and is critical for delivering

o SE] ]8C 8} pe3lu E-X He }( SE ve(}EuU E+[ ]I v A ]PZSU sz
so replacing one is associated with long delivery lead times. In addition, larger, more sophisticated
transformers are manufactured abro&¥This is but one example of the challenges associated with
improving electricity grid resilience to minimize thepact of climate change and other natural disasters on
§Z 3 & [+ ]0]8C 3} u ]vd ]v PE] }% &E 3]}ve v (( 8]A oC v E o]
Adaptation options to reduce the risk of wildfire impacts on the grid focus on both transmiaad
distribution:

x Transmission adaptation options:
o Eliminate transmission equipment via microgrids.
0 Move transmission assets to lefive-risk areas.
o Diversify transmission infrastructure by adding widely spaced lines irrisiglareas or
addressinghe high concentration of transmission capacity in some Hiigdrisk areas.
x Distribution adaptation options:
0 Reduce distribution exposure by purchasing development rights infivigdisk zones or
encouraging urbanization, limiting sprawl.
o Undergrounddistribution wires in fireprone areas.

2.1.2 | Research Initiatives

The following is a brief overview of some of the ongoing R&D initiatives related to integration of new
energy sources into the electricity grid and related enabling policies. This summaryrigendied to be
comprehensive.

2.1.2.1 | EPIC Investment Initiatives

The EPIC 2018020 Triennial Investment Plan describes the sienn R&D priorities to increase grid
integration of renewable energy in CaliforrffaVarious sections of this EPIC investment jglddress key
technologies that can facilitate greater integration of utdggale renewable energy. The following tables
consolidate higho A o Jv(}&u §]}v  }us o]J(}EV] [+ HWEE vE Vv % E]J}E ]v]s

28N oo oo]VP §Z /u% S }( tlo (]J& * }v §Z 0](}JEvV] o $E] ]8C '] U_ > AErw2019,EIl o C E 3]}
enerqy.ca.gov/research/notices/204®-
07_symposium/presdations/03%20Improving%20Power%20System%20Resilience%20t0%20Weather
Related%20Events/1.%20Larry%20Dale%20LBNL.pdf

29 4J.S. Electricity Industry Primer_ h XAX % ESu vS§ }( endPdoUsitaspdifiés/2D15/12/f28/uniteestateselectricity
industry-primer.pdf .

A o0 SE] WEIPE u /vA 512026 TrignidIRvestmant®Plan. o] (}Ev] v & P CCEEW201J34023-CMFE
adopted on April 27, 201, &nergy.ca.gov/research/epic/tEPIE1/.
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Table2-1. Grid Integrationt Summary of 2018020 EPIC Triennial Investment Plan Initiatives

Initiative

Description/Goal

2018t2020 EPIC Triennial Investment Plan

Initiative 3.1.2 Assess
Performance of Load
Control Systems

Initiative 3.3.1 Optimize
and Coordinate Smart
Inverters Using Advanced
Communication and
Control Capabilities

Initiative 3.3.3 Provide
Visibility into Load and
DER Responses to
Weather and Other
Variabks and into the
Effects of DER on Gross
Load

Initiative 7.2.1 Improved
Understanding of Climate
and WeatherRelated
Risks and Bsilience
Options

Initiative 7.2.3 Integrate
Climate Readiness into
Electricity System
Operations, Tools, and
Models

Technical Assessment of Grid Connected Renewable Energy and Storage Technologies and [SE@tegies

Build sufficient data on performance to reduc
uncertainty and provide confidence in demar
response reliability such that telemetry on
each load is unnecessary.

Developdistributed energy resource
management systertDERM¥algorithms to
optimize the settings and coordination of
advanced smart inverters to maximize the
output of solar generation on the grid and
improve the ability of solar PV to respond to
signals from a utility or other grid operator.

Establish a database of DER production and
gross load data and enhance tools for grid
operators to visualize the effects of weather
patterns and other events on rooftop solar
production, electric vehicle charginand

other DER usage. Improve forecasting tools
leveraging the database to better predict the
net load that will need to be met through
geothermal, natural gas, and other utiliscale
generation.

Improve projections and probabilistic
forecasts of hydrological and meteorological
parameters needed for operations and
seasonal and decadal planning. Develop
strategies supported by analysis of projected
and historical data for parametsrof
importance to the energy system: snowpack
conditions, stream flows, ambient
temperature, precipitation levels, relative
humidity, and solar radiation.

Expand access to vulnerability and resilienc
tools with regionspecific detail that leverage
probabilistic forecasts at seasonal and decac
e 0 ¢* S8} ]Jv(}EuU psS]o]8] [ u v
planning, and operations, including cdst
benefit analyses of resilience investments.
Facilitate use of these tools improve
understandngofSZ o SE&E] |]SC <C
interconnectedness with other areas (e.g.,
emergency response, public health, and
interconnected infrastructure between
sectors) and integrate this information into
models.

Potential Impact

Actuate wdespread adoption of demand
response tehnologies.

Improve power qualityand reduce the chance
of electricity outagesincrease the amount of
solar PV that can be installed on the
distribution grid without upgrades to grid
equipment.

Improve ability of the CAISO and other grid
operators toforecast the net load and
determine reserves that will need to be
scheduled to meet the predicted demand,
particularly in cases of heat waves and other
atypical events.

llluminate climaterelated risk, potential
impacts, and resilience options for the
electricity secto anddisadvantaged
communitiesthat IOUs serve. Integrate
projected and/or probabilistically forecasted
climate relevant parameters into all aspects «
electricity sector planning, operations, and
infrastructure investment to prepare for
climate change wh sufficient lead time and
identify ways to implement sound, cost
effective, practical resilience strategies.

Enable integration othe best available
scientific research on climate change into
routine electricity sector planning, operations
and management to bolster electricity sector
efforts to improve climate readiness. This
initiative will also strengthen 10Uability to
assess the costbenefits, and viability of
resilience measures and prioritize investmen
associated with different climateelated
hazards.



Table2-2. Grid Integrationt Summary of Pr018 and Possible EPIC Initiatives

Previous and Possible EPIC Investments

Transmission and Distribution Demand Response
1. Smart Inverters 1. Residential Demand Response
a. Assessing the Ability of Smart Invertersand 2. Commercial Demand Response
Smart Consumer Devices to Enaldlere 3. Vehicleto-Grid ¥/2Q with Aggregated Reswces
Residential Solar Energy a. NextGeneration Grid Communication for
b. Smart Inverter Interoperability Standards and Residential Plugn Electric Vehicle@EVSs)
Open Testing Framework to Support High b. Distribution System Awaré2GServices for
Penetration Distributed Photovoltaics and Improved Grid Stability and Reliability
Storage c. Open Source Platforfior PEVSmart Charging ir
c. Demonstration of Integrated Photovoltaic California
Systems and Smart Inverter Functionality 4. Transactive Energy

Utilizing Advanced Distribution Sensor
d. Solar +: Taking the Next Steps to Enable Sola
a Distribution Asset (GFT5-309)
2. Communication and Controls
a. UniGen Smart System for Renewable
Integration
3. Distribution Planning Tools
4. Renewables ForecastifBON13-303)
a. HighFidelity Solar Power Farasting Systems
for the 392 MW Ivanpah Solar Plant (CSP) an
the 250 MW California Valley Solar Ranch (P\
b. Improving Solar & Load Forecasts: Reducing 1
Operational Uncertainty Behind the Duck Cha
c. Improving ShorTerm Wind Power Forecasting
through Measurements and Modeling of the
Tehachapi Wind Resource Area
d. Development, Implementatiorand Integration
of a Holistic Solar Forecasting System for
California

Select EPIC Projects
The Energy Commission has recently funded several innovative grid integration projects that are featured

on the Energy Commission Innovation Showcase web'sithe following table summarizes projects that
describe emerging technologig¢hat are relevant to the integration of utiltgcale renewables.

Table2-3: Grid Integrationt Select EPIC Projects

Project Name Technology Description

Type
Improving Hydrological Snowpack  Modeling This project develops improved snowpack forecasts within a
Forecasting foHydropower and representative Sierra Nevada watershed to bolster the hydrograp
Generation Using Intelligent Forecasting  data network that supprts hydropower planning and operations.
Information SystemgActive until The project is expected to reduce uncertainty in water forecasts i
12/2018) changing climate, and assist in the development of reliable and

flexible operations of hydropower dams that will also bring
economic benefits tautilities and ratepayers.

31 California Energ€ommission Innovation Showssinnovation.energy.ca.gov/
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Technology

Project Name Description
Type
Improving ShortTerm Wind Power  Modeling This project comprises coordinated atmospheric field measureme
Forecasting through Measurements and and computational modeling improvements to improve the accur:
and Modeling of the Tehachapi Winc Forecasting  of prediction of shorterm wind ramps (i.e large, rapid changes in
Resource Area (Active until 12/2017 wind power production). The Tehachapi Pass Wind Resource Ari
the focus of the project. Since the area features compéesain and
meteorology, the findings can be readily adapted and applied to
many other regions.
Advanced VGI Control to Maximize Control This project is developing and implementing an optimization and
Battery Life and Use of Secorldfe Systems control algorithm that includes impacts on battery health express
Batteries to Increase Grid Service as an economic cost, using models and parameters derived from
and Renewable Power Penetration actual battery measurements.
(Active until 12/2020)
Development ofNew Technologies  Control This project addresses the direct electricity cost of irrigation for
for Agricultural Loads to Participate  Systems agricultural customerand the indirect cost to all electricity
in Renewables Integration, RTP ratepayers of procuring sufficient resources to meet marginal pee
Programs, and/or New Timef-Use demand, integrating variable renewable energy generation, and
Rates (Active until 12/2020) building sufficient infrastructure to support agricultural pumping
load peaks.
UniGenSmart System for Renewable Systems This project is developing the UniGen Smart Software System to
Integration (Active until 3/2019) Integration smooth energy output from a combination of variable energy

resources (VERS). VER generation often deviatesffygoasts and
schedules because of variations in weather. Thisertaintycan be
alleviated by a fasacting control system that automatically
compensates for deviations from projected generation using a
dedicated mix of energy resources (e.gP\#&sysem and an energy
storage system). Onset's UniGen control system couples these
resources with a primary power plant using proprietary algorithm:
in a software application in real time so that the combined output
corresponds to the committed output. Any dation is solved at the
project or distributed level, making it easier for the ISO to manag
grid performance.

2.1.2.2 | Research Initiatives from Other Funding Entities
Current research initiatives from DOE also seek to advance the current state witggiction
technologies.

Table2-4. Grid Integrationt Summary of DOE Research Initiatives

Initiative Description/Goal Potential Impact
U.S. Department of Energy
Systems Integration Funds early-stage grid integration R&D with ~ Enables safe, reliable, and cesffective
Subprogram(Solar Energy focus on power variability, voltage regulation integration of hundreds ofigawats of solar
Technologies Office) frequency control, unintentional islanding, power into the electricity grid.

protection coordination, and twavay power

flow.

Mitigate Market Barriers  Funds R&D in wind energy grid integration, Enables reliable incorporation of wind energy

Subprogram(Wind Energy such as how to effectively operate the power into the power system, particularly for the

Technologies Office) grid under high penetrations of wind energy. four statesthat have 25% greatewind
electrical generating capacity compared to
their total installed capacity.
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Initiative Description/Goal Potential Impact

Federal Energy Assists federal agencies in energy savings a Enhances grid reliability whifacilitating
Management Program reliability projects by providing a twavay grid resilience and reducing the load on the grid.
interface.

N % ESu vsS }( v EPC &z 7ii6 }VPE ++]}v 0o p P EnErgygovisKes/priddiles200B/03/f49iB¥X019Volume
3-Part2.pdf.

DOE Grid Modernization MuklYear Program Plan
In November 2015, DOE released the Grid Modernization Melir Program Plan (MYP®hich outlines

§Z % ESu v3[e Ale]}v (}E u} EvcPRalehgesvand oppdiiitied Tae Grid
Modernization MYPP identifies the six technical areas that need to be the focus of future projects to
achieve grid modernization. The following table states the technical areas listed in the report and the
researchdevelopment, and demonstration (RD&D) activities corresponding to each technical area.

Table2-5. Grid Integrationt Grid Integration Roadmap Areas of Need (DOE)
Technical Area Relevant Activities

TA 1:Devices and Integrated
Systems Testing

x

Develop advanced storage system, power electronics, and other grid dev
Develop precise models of emerging components and controllers
Develop standards and test procedures

Build capabilities and conduct device tiegt and validation

Conduct multiscale systems integration and testing

Develop a roadmap for achieving full electric system observability
Improve sensing for devices, buildings, and-esdrs

Enhance sensing for distributi@ystems

Enhance sensing for the transmission system

Develop data analytic and visualization techniques

Demonstrate unified gritommunications network

Develop grid architecture and control theory

Developcoordinated system controls

Improve analytics and computation for grid operations and control
Develop enhanced power flow control device hardware

Scale tools for comprehensive economic assessment

Develop and adapt tools famproving reliance and reliability

Build computation technologies ardgh-performancecomputing capabilities
to speed up analyses

Improve ability to identify threats and hazards

Increase ability to protect against threatacghazards

Increase ability to detect potential threats and hazards

Improve ability to respond to incidents

Improve recovery capacity time

Provide technical assistance to states and tribal governments
Support regional planningnd reliability organizations

Develop methods and resources for assessing emerging technologies,
valuation, and new markets

x  Conduct research in future electric utility regulations

TA 2: Sensing and Measurements

TA 3: Systems Operations, Power
Flow, and Control

TA 4: Design and Planning Tools

X X X X X X X X X X X X X X X X X

TA 5: Security and Resilience

TA 6: Institutional Support

X X X X X X X X

32 Grid Modernization Initiativet Multi-Year Program Plaenergy.gov/sites/prod/files/2016/01/f28/Grid%20Modernization%20Multi
Year%20Program%20Plan.pdf

Technical Assessment of Grid Connected Renewable Energy and Storage Technologies and [SBategies



https://www.energy.gov/sites/prod/files/2018/03/f49/FY-2019-Volume-3-Part-2.pdf
https://www.energy.gov/sites/prod/files/2018/03/f49/FY-2019-Volume-3-Part-2.pdf
https://www.energy.gov/sites/prod/files/2016/01/f28/Grid%20Modernization%20Multi-Year%20Program%20Plan.pdf
https://www.energy.gov/sites/prod/files/2016/01/f28/Grid%20Modernization%20Multi-Year%20Program%20Plan.pdf

2.1.3 | R&D Opportunity Areas and Technologies

To identify and prioritize R&D opportugiareas and Figure2-4. Grid IntegratiorExperts Interviewed
technologies fogrid integration, analysteelied on x  Gerry BraunFounder,

state and federal government reports, industry reports Integrated Resource Network (IRESN)

and peerreviewed research articleResults were also x Dave Bryant, Director of Technology,
informed byphone interviews wittseveralexperts from Ceriseslis TEeITelog)7 CEferEnan
government and other resgch institutions across the
United States

x Jake P. Gentl®ower Systems Engineer
Idaho National Labaitory

X Roger Sala€ngineering Manager,

. . o . Southern California Edison
Together, these sources provided detailed insights into - rornia =€l

the state of existing technologies, key challenges, R&C

opportunity areas, and emerging and potential x Dave Townley, Director of Public Affairs,
breakthrough grid integration technologies. Composite Technology Corporation

Kristin Sampayan hiaf Executive Officer
Opcondys

2.1.3.1 | Key Considrations

Expert interviews and literature review identified several factors worth consideration when dealing with
assessment, investment, or construction of grid infrastructure in California. These areas are broadly
categorized into technical, financiah@regulatory considerations, as discussed below.

Technical Considerations

X Energy storage systems are needed to address issues with intermittent generation from variable
renewables.The costs of storage systems and availability of their materials widitdituture growth of
these systems. Advancements in control systems, smart inverters, and other power electronics will be
crucially important for the integration of energy storage systems.

x Forecasting of wind and solar resources has improved managememn¢éwable resourcesAccurate
forecasting helps grid operators mitigate the intermittency of wind and solar generation, which in turn
lowers curtailment. Weathemodels now include algorithms that provide shagtm predictions of
renewable power generatin. These prediction tools can generate the forecast output in less than a
second.However, these models and tools and their outpoésbe better integrated into utility and
system operator resource planning activities.

X Improved grid data availability and control, such as through the use of smart inverters and advanced
meters, can increase grid reliabilitsmart inverters, meters, andERMS$an help determine the
timing and location of loads so utilities can manage thé gffectively and deliver electricity in a
reliable and accurate manner.

x Power lines must handle new power flows that are shifting because of changes in generation and
demand.As new renewables are added to the system and lmaaters shift, thedirection of power
flow and the capacity required through certain power lines changes. These changes can be exacerbatec
by the proliferation of community choice aggregators (CCAs) that can quickly change thepnatke
grid systems. California can upgrade exggfli&D infrastructure and/or find ways to effectively manage
existing interconnections. Advanced conductors are one way to allow more power to flow through
existing power lines.
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Financial Considerations

x Upgrades to grid infrastructure and system managemeain reduce liabilities from wildfires and
other risks exacerbated by a changing climaléhe increased loading of power onto transmission lines
causes unforeseen increased we&g,and sagging lines contacting trees can cause wildfires. Adding
more transnission infrastructure and reducing congestion on existing power lines limits this wildfire
risk. Reducing the cost of undergrounding wires and improving the ease of maintenance could also help
reduce wildfire risk in firggrone communities. Wildfire preveion is just one form of system
%o E&E % E Vv e v (& °¢]Jo] v 8Z 35§ EE] e« §Z v (]S }( E p ]JvP us]c
Modeling and planning for other disasters allows utilities to be more proactive in their preparation and
further eliminate risk.

x The value proposition of grid infrastructure improvement costs must be presented clearly to
ratepayers and regulatorsCapital improvements in grid infrastructure will ultimately have a cost that is
carried over to ratepayers. The most substahtiost increases may be attributable to T&D
infrastructure improvements and the addition of smart devices and system controls. Investment and
innovation in devices and nenire alternatives could help reduce future needs for additional grid
infrastructure

Regulatory Considerations
x Additional gridintegrated renewable energy assets and communications devices require data

collection and connectivity that introduce cybersecurity riskStandards for integratingew
generation assets andevices and sendinigformation are necessary at the state and national Isvel
and two-way communication is key to maximizing thyerational efficiency of existing infrastructure
and appropriatdy dispatching renewable generatio@alifornia can work with utilitietechnolgy
vendors and regulatory agencig® ensure thatgrid-connecteddevices are securand that
cybersecurity measures align with federal requirements.

x Permitting new power lines and grid corridor®ay bemore difficult than upgradingexisting systems.
Envronmental and social consideratiores well as land managementdassociated permitting,
preventpower linesfrom being built in new locations quickly. With expansion to the grid happening
rapidly, change#o permitting processsare needed Upgrades to existing power linean helpto
supportnew load and generation, but ultimately new power limeay need tdoe built. This may help
connect to new renewable resource areas and/or regions without sufficient infrastructure to handle
growth inrenewable energy generation. In addition, it highlights the need to balanceetffesttive T&D
upgrades with system expansion to ensure system reliability, reduce network congestion, and improve
resilience to enable additional renewable energy penetratothe state.Incorporating the prospect of
future utility-scale renewable generation assets into transmission policy planning could help ensure
there are effective pathways to deploying new renewable energy projects.

2.1.3.2 | R&D Opportunity Areas

The R&D opportuty areas inTable2-6 /A %o Vv Clv 8§zZ}e ] vs8](] 1Jv s§z v ®GPC 1}u
2020 Triennial Investment Plan and are based on an extensive literature rewéeepaversations with
experts.
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Table2-6. Grid Integrationt Technology R&D Opportunity Areas

ID Opportunity Areas Description
O.l.1 ClimateBased Risk and Projections and probabilistiorecasts of hydrological and meteorological
Resilience Toof® parameters to improve planning and operations and help understand risks an
resilience options for grid infrastructure and electricity system operations.
0.1.2 *Load Control Systenis Performance assessmentstethnical system needs such as specific ancillary

services, balancing renewable variability, and meeting local needs to facilitate
portfolio approach to managing different loads when available and when the
opportunity cost of responding falls below thalue to the system.

0.1.3 Load Model$ Models that reduce power system operational uncertainty.

0.14 Sensors Data acquisition systems designed for solar monitoring applications, including
solar power efficiency checks and selection of solar power sites.

O.l5 **Smart Inverters’ Devices that enable more elaborate monitoring and communication of grid ste
ability to receive operation instructions from a centralized location, and capab
to make autonomous decisions to improve grid stability, suppokter quality,
and provide ancillary services (e.g., spinning reserves, load following, voltage
support, ramping, frequency response, variability smoothing, and frequency

regulation.
0O.1.6 Telemetry Improvements to the cost and efficiency of higansityground telemetry.
O.1.7 Transmission Architecture  Hardware and materials that allow for greater transmission capacity while
reducing energy losses.
0.1.8 Weather Model$#*> Models to predict power production from weathelependent energy sources.

Several research areas overlap with EPIC investment interests. Those overlaps are given the following identifiers:

* Mentioned in EPIC Investment Plan: Previous and Planned EPIC Investments on Demand Response

** Mentioned in EPIC Investment Plan: Previams Planned EPIC Investments on Transmission and Distribution

1 Relevant to Initiative 3.1.2 Assess performance of load control systems

2 Relevant to Initiative 3.3.1 Optimize and coordinate smart inverters using advanced communication and contratiespabili

3 Relevant to Initiative 3.3.3 Provide visibility into load and DER responses to weather and other variables and irgctshef &ER on gross
load

4 Relevant to Initiative 7.2.1 Improved understanding of climatel weatherfrelated risks and reléence options

5 Relevant to Initiative 7.2.3 Integrate climate readiness into electricity system operations, tools, and models
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2.1.3.3 | Emerging and Breakthrough Technologies
The emerging and breakthrougéchnologies inTable2-7 represent more targeted investment opportunities for the Energy Commisaioin
fall within the aforementioned R&D opportunity areas.

Table2-7. Grid Integrationt Emerging and Breakthrough Technology Matrix

Parallel Research R&D Opportunity Areas Potential Impact

Topic

Transmission and Distribution

1.1 Aluminum Conductor  Legacy System Transmission Architecture This hightemperature, lowsag conductor replaces the standard aluminum
Composite Core (ACC( Improvement conductor steel reinforced (ACSR) design. Carbon fiber core reduces sag by
providing tensile support, which allows cables to carry more current. ACCC
cables a 60% lighter than ACSR cables.

1.2 Offshore HVYDC Grid Innovative System Transmission Architecture Transmission losses are lower than those of HVAC, which is the commonly t
Development transmission system for offshore wind farms. The electricitylmatransported
in both directions.
1.3 Silicon Carbine (SiC) Legacy System Transmission Architecture These devices replace conventional silicon semiconductors and reduce the
Power Semiconductors Improvement amount of energy lost when electricity is conteat before it is delivered to the

customer. Integration with renewable energy includes (1) offshore wintoAC
DC conversion and (2) solar power inverters for®8C conversion.

1.4 Smart Wires and Legacy System Transmissiorchitecture ~ SmartValve adjusts the reactance of a transmission line to transfer power frc
SmartValve Improvement an overloaded circuit to parallel lines with spare capadtjows for more large
scale renewable energy integration into the grid without the need to build ne
power lines or upgrade existing lines.

1.5 Transmission Towers Legacy System Transmission Architecture This advanced design replaces the steel cersss and vertical insulators on
with Insulating Cross  Improvement existing pylons, allowing for greatgansmission capacity of up to 150%. New
Arms towers built with crossarms are 25% shorter and use fewer resources.

Devices, Measurement, and System Controls

1.6 Dynamic Line Rating  Information Sensing and Controls This tool improves power systefransmission capacity by monitoring system
Technology conditions, particularly for power plants that use intermittent renewables sucl
as solar, wind, tidal and wave power.
1.7 LidarAssisted Controls Information Sensors, Sensing and Turbinemounted lidars, or light detection and ranging systems, improve winc
Technology Controls turbine control systems by providing accurate updates on turbine inflow befo

it reaches the blades.
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ID

Name

Modeling and Forecasting

1.8

1.10

.11

.12

1.13

1.14

EnergyForecaster:
Mathematical Model

HighFidelity Solar
Power Forecasting
System

Improved NetLoad
Forecasting

NREL FASTFarm

GOE47 Imagery and
Data

WRFCMAQ TweWay
CoupledModel

Univariate Time Series Information

Prediction of Solar
Power

Parallel Research

Topic

Information Weather Models
Technology

Information Weather Models,
Technology Telemetry, Sensors
Information Load Models
Technology

Information Weather Models
Technology

Information Weather Models
Technology

Information Weather Models
Technology

Weather Models
Technology

Technical Assessment of Grid Connected Renewable Energy and Storage Technologies and [SBategies

R&D Opportunity Areas

Potential Impact

This model produces improved PV and wind farm power forecasts every 15
minutes, showing how much electricity will be generated over the next few
hours and days.

This tool monitors and forecasts direct normal irradiance (DNI) and plane of
array (POA) and the corresponding power generation, as well as improves p
generation forecasts via resourte-power modeling.

Behindthe-Meter (BTM) solar PV generation is incorporated into grid
forecasting, reducing errors. These forecasts are applied to reduce schedulit
uncertainty for utilities ad the CAISO. Suggested methods include direct
modeling and reconstituted load.

This multiphysics engineering tool predicts the performance and loads of wir
turbines. Ituses software called FA8Tsolve the aereéhydro-servoelastic
dynamics of each individual turbine. The tool also accounts for ambient wind
the atmospheric boundary layer, wake deficits, advection, deflection,
meandering, and merging.

The latest Geostationary Operational Environmental SatellitdGOEX7)
system can provide infrared images with enhanced refresh rates and spatial
resolution compared to previous satellite systems.

The twoway coupled meteorology and air quality model is composed of the
Weather Research Forecasting (WRF) model and the Community Multiscale
Quality (CMAQ) model. This system enablestvay communicatiorbetween
the WRF and CMAQ components to incorporate aerosol information from CI
into the meteorological model WRF.

This algorithm provides supshortterm predidions of solar power generation
by relying solely on past values of solar power data. The algorithm is able to
generate the forecast output in less than a second.



3 | Variable Renewable Energy
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Solar Power

In 2002, Californiastablished a renewable standard portfolio (RPS) requiring that a significant share of
retail electricity be produced with renewable resouré@€ombined with improved solar technology, the

RPS has driven rapid growth in solar capacity and enabled sdlactome an important source of energy

for the state. Recent modifications to the RPS have increased the required share of energy from renewable
resources, ensuring a continued expansion of solar generation in the coming decades.

Solar energy is now the largest source of renewable energy in the state and provides a significant portion of
total electricity generation. In 2017, the sokamergy generated within California tdea 24,324 GWh from
generating units with more than one rgawatt of capacity, with 21,860 GWh coming from solar PV
installations and 2,463 GWh from solar thermal facilifi€Shese solar units accounted for roughly 186

the in-state total power generatiomnd 40% of irstate renewable power generatioithis incease in solar
capacity and generation wasrongly associated with the increasBd deployment shown iRigure3-1.

Figure3-1. Solar Energy Generation and Capacity in California (facilities >1 MW capacity)
Data fromenergy.cagov/almanac/renewables_data/solar

BAZ v A o+« WIES(}o]} "8 v E 0]P]]0]3C 'pp](}EV] |AZE&EP CIGHHU]--]}v
https://www.enerqy.ca.gov/2015publications/CEB00-2015001/CE€300-2015001-ED8CMF.pdf

34 /~7ii6 d}S o "CeS u o SE] ' v E §]}vimission Qdaa$ of Wn&PA (2018.
enerqgy.ca.gov/almanac/electricity data/total_system_power.html
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Looking forward, current projections indicate tha
14,037 MW of added solaapacity will be
available in the next five years across California,
in response tanarket and policy factorg®

Further deployments and investment in R&D will
continue to decrease prices and improve the
performance of solar power technologidsgure
3-2 shows the rapid price decline in LCOE for
crystalline silicon (Si) solar cell® The DOE
FY2019 budget request establishes cost
performance targets, summarized Trable3-1.
The most recent of these targets have already
been exceeded for some installations in
0]J](}JEV] X K[+ P}o]e3dtul <}o E %}A E }v
of the least expensive forms of electricikey
areas of research inalie grid reliability, PV

efficiency, energy yield and storage, material Figure3-2. Unsubsidized Solar PV LCOE (Lazard)
durability, power electronics, microgrid Figure from> 1 @& [» > A o]  }e& }( v EPC
integration, and nexgeneration CSP (LCOE 12.0)

Table3-1. Solar Power Cost Performance Targets (DOE)

FY2017 FY 2018 FY 2019 Endpoint Target
Concentraing Solar 10 cents/kWh n/a 8 cents/kWh 5 cents/kWh
Power
Photovoltaic (PV) 7 cents/kWh 6 cents/kWh 5.5 cents/kWh 3 cents/kWh
(exceeded6)
Solar + Storage $1.96/Wdc n/a $1.65/Wdc $1.45/Wdc

ConcentratingSolar Power: The CSP energy cost target is an unsubsidized cost of energy at utility scale including 14 hours of tagenial stor
the U.S. Southwest.

Photovoltaics: The PV solar energy cost target is an unsubsidized cost of energy at utility scale.

Solar+ Storage: The solar + energy storage cost target is an unsubsidized cost of energy-ataiiiyray with 4 hours of battery storage,
actual installed costs in Watts direct current (Wdc). Model assumptions based on NREL analysis: 2017 NREL &¥ Bepatirthe Annual
Technology Baseline, and M s-storage analysis.

ANMUE W N % ESu vs }( v EPC &z 7ii6 }VPE ee]}Pad 2: 22PDOEZMacheZ048. s}opu 1
energy.gov/sites/prod/files/2018/03/f49/F2019Volume3-Part2.pdf.

BAnto B "%t}So]@ZBv] U_ "o B v E P Qon (SRIASEtember 2D1B, &ccessed November 7, 2018,
seia.org/sites/default/files/20189/Factsheet State California_2018Q2.pdf

36 /1 evelized Cost oférgy and Levelized Cost of Storage 2018 > 1 & U E}A u lagardddmipédhective/levelizedostof-energy
and-levelizedcostof-storage-2018/.
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3.1.1 | Resource Availability

California encompasses some of the largest areas of high
irradiancein the country. Whilerradiance is particularly
intense in the deserts authern Californiamost of
California is suitable for solar energy generation, as can be
seen inFigure3-3.

Table3-2 shows NREL estimates of technical availability of
trackedPV and CSP resources in Califorfrigure3-4

provides links to additional publicly available resources that
provide data on current and future solar thermal and PV
facilities across California and the United States.

Figure3-4. SolarProjectDatabases Figure3-3. Direct Normal Irrdiance Map of
EZ >[+« K% v Wfsait€E ppenSsource data and reporting of California NREL)
PV projects in the United StateAvailable abpenpv.nrel.gov/ NREL provides maps measuring annual averag

Argonne National Laboratory (ANL) maintains a solar database th ~ daily Direct Normal Irradiance (shown in the
lists all U.S. solar thermal and PV installations over 10 MW. Availe  figure) and Global Horizontal Irradiance

at solarprojects.anl.gov/ throughout the United States. These maps
E>[« "o @EPC VA]E}vu v§ agddspatbas tad thate contain average data from 199816 and were

can be used to map solar energy environmental datzilable at published in 2017.

solarmapper.anl.gov/ Available atnrel.gov/gis/solar.html

Table3-2. NREL Estines of Technical Availability o&lforniaSolar Resource Potential

System Type Area (KM) Capacity (GW) Production (GWh)
Urban Utility-ScalePV 2,321 111 246,008
Rural Utility-ScalePV 83,549 4,010 8,855,917
CSP 82,860 2,726 8,490,916

3.1.1.1 | SolarVariability

The supply of electricity must always meet the demand. This requirement, coupled with the fact that solar
radiation varies significantly across several timescales, has created operational challenges as solar capacit
increases. Continued effost 1} § %o JvS} O]J(}EV] [* %0 vS](po *}o E E *}uE -
such as those presented by the variable nature of solar radiation and insufficiencies with existing
transmission infrastructure.

37 Lopez, Roberts, Heimiller, BlandPorrg, *h X" X ZAble ESnergy Technical Potentials: A-B#Sed Analysis E §]}v o Z v A o v EP
Laboratory July 2012nrel.gov/docs/fy120sti/51946.pdf
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Seasonabnd Diurnal Cycles
Seasonal and daily cycles of the solar

resource are entirely predictable but create
challenges for grid operators. The periods of
maximum solar enesgggeneration do not
necessarily overlap with demand. Solar
power generation reduces the power
requirements from other generating sources
during the middle of the day. However,
decreasing solar energy generation in the
late afternoon coincides with increade
electricity demand and forces other energy

sources to ramp up quickly. This creates a Figure3-5. Yearly Changes in the Duck Curve

pattern in the net system load widely known as The system loads shown above represent the day of the lowe
« A N B ) system load in March in California of that year. The duck curv
$Z b ﬁBCESOShUW—n IrFigure3-5. proceeds to get deeper over time, representingreasing

amounts of solar power generation during the day.

In addition to the difficulty associated with
Learn more atscottmadden.com/wp

ramping up generators to meet demand, the content/uploads/2016/10/Revisitinghe-DuckCurve Article.pdf
grid operators must rely heavily on fossil fuel

generators. This effect can get particularly

severe in the spring and lead to owvgeneration (i.e., electecity supply that exceeds demand), ultimately
resulting in the curtailment of solar generators during the day. Indeed, over 300 GWh of renewable energy
was curtailed in California during 2016, almost all of it through decrementaf¥i€AISO has been
attempting to mitigate curtailments, including working with other utilities to transfer excess energy to
where it is needed.

Most of this energy transfer between CAISO and other western utilities is happening during peak solar
production. Without the abilityo time-shift solar, more gigawatthours of renewable energy will be

curtailed as renewable penetration increaséstrategies to timeshift (i.e., storing electricity during

periods of high supply and consuming it during periods of high demand) usingvetpstorage

technologies could reduce the need for curtailment in the futtf€SP with thermal energy storage can
address the variability of solar resource availability and help to mitigate the duck curve. CSP systems can
time-shift energy collected dimg the daydispatching it in the evening as PV output decreases.

38Vlahoplus, LitraandQuinlan ~Z A]+]8]vP $Z o](}EV]P }asl DuZBMS scottmadden.com/wp
content/uploads/2016/10/Revisitinghe-DuckCurve Atrticle.pdf

B¥AIuU% S+ })( EV A o v EPC }v PIENILE %isEcad]Moeuments/curtailmentfastfacts.pdf

0:X :}Zvt](3EV] [* &0}} }I('E v v EPC luo E]A Z } EUG@reeniéch via@iaMareh 215 20%77) e "~ % E]v P
greentechmedia.com/articles/read/californieftood-of-greenenergycoulddrive-a-recard-6-to-8-gigawattsof#gs. TZoUXo5T

4 ((M8X }zZvU A o](3EV] [+ &o0}} I('E v v EPC }lpo E]JA Greerjt€@eh MedipRQ17uES Jou vS §Z]-
greentechmedia.com/articles/read/californigk®od-of-greenenergycould-drive-a-record-6-to-8-gigawattsof#gs.nQHIK04U

2 yZlouU K[ }vv ooland@digensogUKA EP v E 3]} v Ep@gywin’Gaifornia: A Field Guide to the Duck ChaE $]}v o
Renewable Energy LaboratoB015 nrel.gov/docs/fy160sti/65023.pdf
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https://www.scottmadden.com/wp-content/uploads/2016/10/Revisiting-the-Duck-Curve_Article.pdf
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https://www.greentechmedia.com/articles/read/californias-flood-of-green-energy-could-drive-a-record-6-to-8-gigawatts-of#gs.nQHlK04U
https://www.nrel.gov/docs/fy16osti/65023.pdf
http://www.energy.ca.gov/2017publications/CEC-200-2017-001/CEC-200-2017-001.pdf
https://www.scottmadden.com/wp-content/uploads/2016/10/Revisiting-the-Duck-Curve_Article.pdf
https://www.scottmadden.com/wp-content/uploads/2016/10/Revisiting-the-Duck-Curve_Article.pdf

Weather
In addition to seasonal and daily cycles, weather has a large influence on solar generation. Passing clouds

can decrease irradiance by more than 60% in a matter of sec8iide efects on solar power generation
depend on the size, depth, and speed of the passing cloud, as well as the size and type of sdfar plant.
Further, high temperatures can reduce the efficiency of PV technologies byl 52#4* Weather

forecasting and solar power predictions are produced through advanced mathematical simulation and
statistical approaches using weather data, satellite imageogympt telemetry, sky images, and historical
power generation data. Continued advancements in shenn weather forecasting are needed to improve
grid operations, including redime dispatch, load forecasting, ramp event prediction, -dégad

scheduling, ad hourahead scheduling.

3.1.1.2 | Transmission

Although many locations across California have favorable conditions for solar generation plants, there are
many environmental, social, and regulatory factors that place limitations on potential sites. These
restrictions typically force utilityscale solar plants to be in relatively remote areas of the state, but the
viability of these locations depends the existence (or construction) ofdistgnce transmission

infrastructure connecting the generators with load cergs. Transmission lines can be prohibitively

expensive ($200,000 to >$2,000,000 per mile), and approval for these projects can take more than a
decade?® As such, the location of existing transmission infrastructure and the costs of new transmission
currentoC oJu]d o](}Ev] [+ ]0]3C 8} ((] ] vEoC o A E P §Z <}o E & -
and developing appropriate transmission infrastructure for solar and other renewable energy resources will
require coordination between utilities, g operators, and regulators.

3.1.2 | Technology Overview

Utility-scale solar technology deployments across California have changed rapidly over the last decade. The
oldest sources of solar power in California are CSP plants, or solar thermal plants, whichsiverstdiled

over 30 years ago. In 2007, CSP plants accounted for approximately 99% of solar capacity in California
(0.4GW). Utilityscale photovoltaic (PV) generation has grown more quickly in recent years and surpassed
CSP plants in generating capadity201246 By 2017, solar generating capacity had increased by 36 times to
10.8 GW, and PV accounted for 90% of state solar capacity. The technology continues to change, and ther
are new types of CSP and PV plants, already operational, that have grié@ieney and new capabilities

such as energy storage.

3.1.2.1 | Solar Photovoltaic (PV) Trends and Performance Attributes
The high insolation across California has allowed the state to benefit greatly from decreasing PV costs.
Figure3-6 shows the trends in installed solar capacity and power purchase agreement (PPA}tdsis.

“Millsetal, ~"hv E+3 v JvP s E] ]o]3s Cof RhothwoltaEssfot insa@ration with the Electric Power System> A E v El o C
National LaboratoryDecember 2009%mp.lbl.gov/sites/allffiles/Ibri2855e.pdf . )
“Woodhouse eta).*dZ Z}o }( A v u vsSe ]v "}o E WZ}S}A}loS] (1 EVSPM & Dlv ]OCUv EPE S }

May 2016 www.nrel.gov/docs/fy160sti/65872.pdf
SN o0 SE] ]SC dE veu]Ungtionsl Cownd o EEctric Poli@o04,
energy.gov/sites/prod/files/oeprod/DocumentsandMedia/primer. pdf
61~ 0o](}EV] "}o E v EPC_"S¥43sE W]~ vSE P G20}& energy.ka.gov/almanac/renewables_data/solar/index.php
47 Mtility-Scale Solar Lawrence Berkeley National Laboratd2@,18 emp.lbl.gov/capexcoe-and-ppapricespv-projects
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interesting to note a surge in development from 2015 to 2016. These investments could be attributed to
the pending expiration of the federal investment tax credit (ITC), a 30% federal tax credit for investments in
renewable generation, in 201% Continued increases in development can also be attributed to significant
cost reductions for PV systems. These cost reductions span all PV system components, including soft,
hardware, and module costs, as showrFigure3-7.4°

Figure3-6. PPA Cost vs. Bapacity Installed in California

Figure3-7. Nationwide Average Costs for Utility PV Systems

48Arlo E /VA s3u vd d £ E ]13U_ *"}o E v EPC seianrd/skds/defavlifipsiilndies/8EIATCLO1Factsheet

2018June.pdf )
49Fu et al, M.S. Solar Photovoltaic System Cost Benchmark: Q1 20E7 §]}v o Z v A o v EBEptembefR03% E C

www.nrel.gov/docs/fy170sti/68925.pdf
Technical Assessment of Grid Connected Renewable Energy and Storage Technologies and [Stategies



https://www.seia.org/sites/default/files/inline-files/SEIA-ITC-101-Factsheet-2018-June.pdf
https://www.seia.org/sites/default/files/inline-files/SEIA-ITC-101-Factsheet-2018-June.pdf
file://///server-main/network/PROGRAMS/Distributed%20Energy%20Resources/Technology%20Integration/Energetics/Deliverables/Solar%20Energy/www.nrel.gov/docs/fy17osti/68925.pdf

There are two primary types of PV technologies that are used in tgd#f plants: €Si and thin film solar
cells.Table3-3 % EE}A] - Ju% E S]A 0}} 8 8Z % E(}EuU v Z E 3§ E]-S
solar PV farms.

Table3-3. Performancettributes forTA} }( o] (}@&gdstBelar PVFarms (2018)

Attribute Topaz Solar Farm Solar Star
Capacity 550 MW 579 MW
Year Fully Operational 2014 2015

Type Fixed Tilt SingleAxis Tracking
Developer First Solar Sunpower
Solar Cell Cadmium Telluride Crystalline Silicon
Numberof Modules 9,000,000 1,720,000
California County San Luis Obispo Kern
Acreage 4,700 3,200
Capacity Weighted Land 8.54 5.53

Use (Acre/MW)

Net Production(MWh) 1,237,530 1,637,872
(2017)

Capacity Factor 25.6% 32.3%

Crystalline Silicon Solar Modules
The solar market is currently dominated bycsolar modules, which are the most mature form of PV

technology. In 2017, they accounted for 93%ofar modules producetf and 77% of total U.S. added PV
capacity (3.03 GWf.Additionally, eSi modules account for 90% of installed PV capacity worldwide. The
advantages of-8i technologies include relatively high efficiencies, low costs, environmédniatiance
compared to other materials used in PV modules, and aaesleloped supply chaitt.On the other hand,
¢-Si module manufacturing processes can be complex and must adhere to high purity standards.

Thin Film Solar Modules
Thin film cadmiunttelluride (CdTe) cells are the most competitive thin film solar cells on the market. CdTe

cells boasthe highest efficiency of thin film PV chemistries, as well as low module costs and low material
requirements. High temperatures affect CdTe cell efficiency less than that of other solar cells. Thin film cells
have a much less intensive manufacturing gesthan €Si modules. Thin film cells can be printed on

flexible substrates and do not require the same high temperatures and heating requiremen& asfer
production. However, CdTe solar modules face material challenges in the future. Telluriusn@iegn
environmentally abundant material, and cadmium is environmentally harPaful.

0AWZ}5}A}@poit, s RE pvZi( & /ved]sud (JE "}oAGHUSM2OEBP C ~C+3 ueU /7
ise.fraunhofer.de/content/dam/ise/de/documents/publications/stlies/PhotovoltaicdReport. pdf

51M. Bolingerand J.» o U ~ kSchte]Sdlar: Empirical Trends in Project Technology, Cost, Performance, and PPA Pricing in the United States
Lawrence Berkeley National Laborata?18 emp.Ibl.gov/sites/default/files/Ibnl_utility scale solar 2018 edition_report.pdf

52ndzZ &USUE }( N}o DEDI eRePy@. mit.edu/wpcontent/uploads/2015/05/MITETheFuture-of-SolarEnergy. pdf
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Other types of thin film solar cells in development include coppetium tgalliumtselenide (CIGS), gallium
arsenide (GaAs), amorphous silicor5fy organic PV, quantudot cells, and perovskite solar cells. Each of
these cells has seen efficiency improvements and cost reductions in recentyears.

Domestic vsinternational Production
Most of the silicon solar modules deployed in the United States are imported. Nearly 10 GW of the

10.6GW (94%) of solar capacity installed in 2017 was from imported solar mddiNesv tariffs instituted

in early 2018 have incread costs of imported PV modules, leading to a 10% growth in tdddje solar
projects®* Some companies are responding by building new manufacturing facilities in the United*States,
but domestic manufacturers are unable to meet U.S. demand.

Time-Shifting PV Generated Resources
Battery storage has emerged as the primary means to-simé& PV power plants. A 65% decrease in

battery storage costs from 2010 to 2017 has alloweepRM-storage systems to become castmpetitive

in some market§® Several Pyplus-storage projects are in operation or underway in Hawaii, Florida,
Arizona, and Coloradd.The PPA price in these projects varies from $139/MWh (Hawaii) to $45/MWh
(Arizona). The costs of energy from-plMs-storage continues to decrease, with Xcel Eyen Colorado
reporting median solaplus-storage bids for $36/MWh in 201%.The capabilities of each storage system
vary, but systems can suppdt50 MW of energy for 45 hours.It is important to note that these project
PPAs begin in 2021. The utilities and developers have priced the PPAs with the expectation that battery
prices will continue to decread@?r Bookmark not definedyeployments of solaplusstorage plants are likely to r
ise in the future as battery costs continue to fall and the need and value ofdiniging renewable power
grows>8

Solar Trackers
Solar trackers increase the energy yield of PV systems by orighémganel toward the sun throughout

the day. For example, singleE]s SE I]JvP v ]Jv & +« v EE C [30%r° Dodtdxis} S %o 1S
trackers can further improve energy yields by ensuring the optimum orientation for panels. However, solar
developeramust weigh the added costs of tracking systems with the benefits of increased energy
production. The overall costs, including increased efficienofeBY projects with singlaxis trackers have
decreased to a point where they can be cheaper than fbigrojects. Continued innovation in solar

tracking will decreases costs related to both installation and maintenance. Examples include the Nevados

A yvp o "o E WZ}S51AYos ] D} ppU.SH)égy InfErmalbrisddidiristration 2018
www.eiagov/renewable/annual/solar_photo/pdf/pv_full.pdf

54MichaelaWo 31 EU ~ }u «3] ~}o € D vp( SPUE]VPVR EE«A }vXd X2 o (ERbEsafy 2R18]
fas.org/sgp/es/misc/IF10819.pdf )

5 Feldmen, HoskingndMargolis ~Y & {iT16lYi Tii6 "}o € /v p-EECIh% Z25v A o v EMay2018CE S}EC
nrel.gov/docs/fy180sti/71493.pdf

S6Ercsonetal. *,C E] ~S}E P D EI,§ :${vduwd]|Sus (}E "SE& $0RtPben20EHPC Vv 0Ce]*
nrel.gov/docs/fy180sti/70237.pdf

STAhXAX 8§88 EC N"S}E P_ D XEXSWERC /V(}EuU S]May 2008/ ]*SE S]}v
eia.gov/analysis/studies/electricity/batterystorage/pdf/battery storage.pdf

58 Denhdm, Eichmapand Margolis® A op S]JvP §Z d Zv] o v Iviul] W E(}EuU v  }(,WsuWo4s, MIE P W
nrel.gov/docs/fy170sti/68737.pdf

% ov '}} E]Z §X oXU ~Z ] vS§] oU-SdalkeuPltEtoyotidic (RV) Bysiani ®fces in the United States: Current Drivers and
CostRedu $]}v K %o %0 } (\&tionpERenewable Energy Laborata2@12,nrel.gov/docs/fy120sti/53347.pdf
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Engineering project, which is developing a PV tracking system capable of working on sloped terrain, and the
Sunfolding project, which is developing-diiven solar tracking systeni%®! Last year, approximately 80%
of all new solar capacity included solar tracking systems, nearly all of which wereasiiggleackers.

3.1.2.2 | Concentrating Solar Power (CSP) Overview

CSP systems work by using mirrors to concentrate solar radiation to a receiver to produce heat at
temperatures ranging from 250%C000°C. The heat is used to create steam that then drives conventional
turbines to generate electricity. Importantly, sinceRCgnerates thermal energy, it is relatively
straightforward and coseffective to add thermal storage to these systemaich enables CSP plants to be
dispatchable sources for grid operators.

The primary disadvantages of CSP systems are their suscgptilbwer efficiencies due to cloud cover

and the land and water requirements necessary for economically viable systétosiever, thermal

storage coupled with CSP can mitigate efficiency losses from cloud coverage and allows the system to act
more like a dispatchable resource. Although there was a burst of CSP projects frot2@08 &

California, Arizona, and Nevada, there are currently nagpfar new CSP plants in the United States. This
domestic paucity in CSP projects may be because CSP project costs have not decreased at the rate of utilit
scale PV project cost$However, as solar market penetration increases, the value of CSP plants may
increase because of their intrinsic thermal storage capacity and dispatchability.

Table3-4 %oCE}A] . Ju% E é]A o}}l §$8Z % E(}EU Vv Z E S E]*S]
facilities.

Table3-4. Attributes of CSP Facilities@alifornia

Attribute Genesis Solar Energy Project Ivanpah Solar Energy Station
Capacity 250 MW 386 MW

Year Fully Operational 2014 2013

Developer Genesis Solar LLC Solar Partners | 1l VIII LLC
System Parabolic Trough Solar Tower
California County Riverside San Bernardino
Acreage 1,920 3,238

Capacity Weighted Land 7.68 8.38

Use (Acre/MW)

Net Production(MWh) 627,886 719,421

(2017)

Capacity Factor 28.7% 21.3%

There are two types of CSP technologies that are primarily used in-gtiitg plants: parabolic troughs and
solar towers.

60Afyed 00 §]}ve Vv ~A}(S }*3 Z u $]}v (JE ,}E]I}vS oCalfemia Engfyy-Conisdja@cessetiiDétenilier 2018,
innovation.energy.ca.gov/SearchResultProject.aspx?p=31483&tks=636827154418527750

6B1AD e D VPU[ES U JE EJA VvV IdE | E+ (}E >}A }+8U ,]JPZ W E(}EU v WZ}5}Ahass$ed "Ce3 usU
December 2018nnovation.energyca.gov/SearchResultProject.aspx?p=30065&tks=636827154744Q037058
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Parabolic Troughs
Parabolic trough systems are the most mature form of CSP technology. Indeed, the majority of CSP system

in Calfornia use parabolic troughs, accounting for 857 MW of the 1,249 MW (69%) capacity from CSP
plants® The newest parabolic trough systems in the state are the Genesis Solar Energy Project and the
Mojave Solar Project. Both systems have 250 MW of capaditypacame fully operational in 20F453

There are several other parabolic trough CSP systems in California, such as SEGS, which is currdntly divid
into seven subsystems with capacities fromt82 MW (357 MW total).

Parabolic troughs use long rows of solar reflectors to concentrate light onto receivers that typically contain
synthetic thermal oil. This fluid is then either transported directlyhte heat transfer system, which

creates steam to generate electricity with conventional turbines, or transported to thermal storage. These
designs generally have about a 15% stiaelectric efficiency? However, parabolic trough designs are
currently limited, as the synthetic thermal oil used is restricted to operating temperatures below 400°C,
which lowers the efficiency of the systems. Altermas to synthetic thermal oils, such as steam and molten
salt, are under development but introduce new challenges.

Solar Towers
Solar tower CSPoasists of an array of mirrors with a tracking system that focuses solar radiation toward a

receiver on a central tower. The lvanpah Solar Facility is the only solar tower CSP system in California.
lvanpah consists of three solar towers with a total rateghacity of 386 MV§? Solar towers can operate at
much higher temperatures than parabolic trough designs, which increases system efficiency. The higher
temperatures are also beneficial for thermal storage since they lower the size of storage per unit@f,ene
reducing costs and heat losses. However, CSP towers have several disadvantages: the needXisr dual
tracking mirrors, increased maintenance costs, and environmental concerns due to increased air
temperatures around the site%.

Time-Shifting CS#>enerated Resources
One of the primary advantages of CSP technology is that it generates thermal energy, which can be stored

significantly more eftiiently and cheaply than PV with battery storage. There are two CSP thermal storage
systems currently operating in the United States: Crescent Dunes in Nevada and Solana in Arizona. Cresce
Dunes is a tower CSP system with a capacity of 110 MW and 16 dfostorage’! The Solana facility is a
parabolic trough CSP with a capacity of 250 MW and 6 hours of thermal sfSralgese projects cost an
estimated $9/W and $7/W, respectively. Historically, CSP with solar thermal storage costs approximately
$2t$3/W more than similasized CSP projects without storage.

Alternative Financing for CSP with Thermal Energy Storage
A main barrier to CSP systems with storage is the high capital cost, even thouglu€sSérage decreases

LCOE through greater electricity producti@hS. electricity markets have not yet created conditions that
adequately incentivize the dispatchability of @8#s-storage systems. Innovative financing methods and

62pPjtzPaa) » }v VSE S]vP ~}o E W}IAWEtA"C}r& (v (,dmy2017 epj
conferences.org/articles/epjconf/pdf/2017/17/epjconf esf2017 00008.pdf

63n' y e]e Nlo E v GPC WEYXEVEe v EP C20}8& energy.ka.gov/sitingcases/genesis_solar

B4AIA V%o Z "lo E o SE] v ®PHIPv]C 8 @& P C201% erkreyka.qgov/sitingcases/ivanpah/index.html
BArlo v v E S]vP ES3§}wo Z v A o v ERG5soldfacss.GFeCqov/solangeneratingstation.
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updated market structures could help to overcome the high capital cost barrier ancasetbe number of
CSPplusstorage deployments.

In Australia, a 2017 bid by Solar Reserve to build a new CSP facility utilizing a solar tower design was signe

with a PPA of $0.06 per kwh. While the new facility, Aurora, has a{thaeraverage technologgost

owing to continued technology development, that alone does not explain the low PPA. The planned Aurora

CSP facility will have a capacity of 150 MW, but the PPA agreement secures access only to 125 MW of
MHEIE [¢ % ]J]SCX t]SZ 6 ZpmEGellsihosSdids powdr atkle fixed PPA price when

demand is low and then taps into highealue market prices in the evenings to respond to a rarmpn

demand as PV generation decreases. The hybrid PPA is an innovative solution to match renesvgile en

availability with demand. It allows the plant to operate profitability by providing a steady revenue stream

during the day and access to peak demand prices that can exceed 1006 AUD.

3.1.3 | Research Initiatives
The following is a brief overview of some bétongoing R&D initiatives related to solar powEhnis
summary is not intended to be comprehensive.

3.1.3.1 | EPIC Investment Initiatives

The EPIC 2018020 Triennial Investment Plan describes the stemnn R&D priorities to increase utility

scale solar capacity ICalifornia. Under the first and second EPIC investment plans, the EPIC program
concentrated on technologies that would reduce costs and improve CSP efficiency, in addition to improving
solar forecasting. The latest plan broadly aims to increase the ecmnootential of solar, enable solar to
compete in gridevel service markets, and develop solar technologies that can create novel uses and
markets.

Table3-5. Solar Powett Summary2018t2020 EPIC Triennial Investment Pliaitiatives

Initiative Description/Goal Potential Impact

2018t2020 EPIC Triennial Investment Plan

Initiative 4.1.1 Advance This initiative will advance the matersl Combining advancements in materials scien

the Material Science,
Manufacturing Process,
and InSitu Maintenance of
ThinHIm PVTechnologies

Initiative 4.3.1: Making
FlexiblePeaking
Concentrating Solar Powel
with Thermal Energy
Storage CosCompetitive

science associated with emerging tfiilm PV
technologies by exploring the advantages of
changes in materials compositiosubstituting
non-toxic and abundant alternativefsr toxic
and/or rare elemats.

This initiative will conduct comprehensive
research, technology development and
demonstration, and studies that will advance
the technology readiness of CSP witletmal
energy sorage(TES), bring it closer to the
market, and make CSHES costompetitive
compared to fossil fuel power generation ani
conventional (battery) energy stage
systems.

66 JoharlLilliestamandRobertPitzPaa] ~ }v vSE §]vP ~}o E W}A E (}

of thin film PVmaterials, demonstration of
high efficienciesand utilization of abundant
and nontoxic materials with effective low
cost encapsulating strategies to increase
module lifetime could lead to greater
acceptance and largscale adoption of thin
film PVs.

Financially viable CSIFES will increase future
deployment, which will provide a significant

}VSE] ps]iv 8§} o](JEV] [+ Z
providing a dispatchable form of renewable
energy ready to support neaynchronous
renewables.
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Energy FocysSeptember 2018sciencedirect.com/science/article/pii/S1755008418300309
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Table3-6. Solar Powert Summaryof Other California Initiatives

Initiative Description
Previous EPIC Investment Plans

Previous/Planned/Possible 1. Enhance Efficiency arhvironmental Performance in Le@ost PVs
EPIC Investments in Solar a. PON14-308: HighPerformance C®lating for Heterojunction Silicon Cells, Base
Technologies on UltraLow-Cost Printed Circuit Board (PCB) Technology
b. GFQ16-032: Scaling Reliable, NeZeneration Perovskite Solar Cell Modules
c. PON14-303: Develop Advanced Distributed Photovoltaic Systems
2. CostHfective LargeScale Manufacturing of Emerging PVs
a. GF0G16-302: Scaling Reliable, Ne&eneration Perovskite Solar Cell Modules
3. HighValue Applications for Thin Film PV
In dtu Upgrade Methds and Strategies for Thiim PV
5. Efficient and LowCost Thermal Energy Storage and Heat Transfer Fluid
a. LowCost Thermal Energy Storage for Dispatchable CSP
b. Systems Integration of Containerized Molten Salt Thermal Energy Storage in
Cascade Layout
Low-Cost and Improved Receivers and Absorbers (CSP)
Component Integration and System Requirements for Flexible Operation (CSP)
8. LowCost Alternatives to Conventional CSP
a. Dairy Wasteo-Bioenergy via the Integration of Concentrating Solar Power anc
HighTenperature Conversion Process
b. Commercializing a Disruptively L@ost Solar Collector

E

No

California, MultrFAgency Initiative

Go Solar California Go Solar California combines three program components from separate entities in Califorr
The CaliforniaWwp o] h38]o]8] ¢ }uu]¢trChifprnia Soldr Initiative (CHpergy
Commissiofjs E A "}o G ,}Ju « W ESvVv E*Z]%U v ahfofRa]u % @}I
owned utilities (POUs) comprise the Go Solar California program.

Select EPI@rojects
The Energy Commission has recently funded several innovative solar projects through the EPIC program

that are featured on the Energy Commission Innovation Showcase wébsie. following table
summarizes projects that describe emerging solar technologies that are relevant tosddity solar
generation.

Table3-7: Solart Select EPIC Projects

Project Name egieleny Desciption

Type
PV
Improving Solar & Load Forecasts: Solar Improves solar forecasts for gridonnected PV in California, sse
Reducing the Operational Forecasting those improved forecasts to create enhanced-wd forecasts,
Uncertainty Behind the Duck Chart and quantifesthe value of improved forecasts for utilities and gric
(Completed 6/2018) operators.
MassManufactured, AirDriven Tracking Instalsand tessa PV system with adriven trackers that uses
Trackers for LowCost, High massmanufacturing for the drive and remove requirements for
Performance Photovoltaic Systems outdoor wiring or individual control hardware.

(Active until 3/2019)

67 California Energommission Innovation Showcag®ovation.energy.ca.gov/
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Technology

Project Name Type Desciption

SelfTracking Concentrator Tracking Develops, tests, and demonstrates a gedicking concentrator PV

Photovoltaics for Distributed system that does not require a precision mechanical tracker to

Generation remain aligned with the sun. There is potential to cut installed
system cost for distributed PV systemsaf.

Installation and Soft Cost Reduction Tracking Demonstrates a singlaxis solar PV tracking system that can fit ot

for Horizontal Single Axis Trackers sloped and rolling terrain at lower costs to help solar develeper

(Stage 1) (Active until 12/2019) build projects on land closer to load centers and interconnection
points.

High-Performance CtPlating for Manufacturing Develops a nexgieneration manufacturing tool for lowost, high

Heterojunction Silicon Cells, Based performance copper patterning on PV cells using technologies ft

on Ultra-Low-Cost Printed Circuit PCBmnanufacturing.

Board (PCB) Technology (Stage Il)

(Active until 12/2019)

Scaling Reliable, Nex&eneration Materials Integrates new materials into the perovskite absorber layer, the

Perovskite Solar Cell Modules Science *°}o & oo0[* }vS8 3 0C EU v §Z Vv %o

(Active until 12/2020) improve perovskite solar cell reliability and scaling.

CSP

LowCost Thermal Energy Storage  Thermal Develos and demonstrates a robust and levost TES fluid,

for Dispatchable CS@€ompleted Storage elemental sulfur that will enable overall low system costs, long

3/2018) lifetime, and scalability for a wide range of CSP applications and
temperatures.

CrossCutting

High-Fidelity Solar Power Solar Develops a higldensity network of irradiance sensors that will

Forecasting Systems for the 392 MV Forecasting improve solafforecasting methods. Sheterm forecasts using sky

Ivanpah Solar Plant (CSP) and the imagers and distributed data from the sensor network improves

250 MW California Valley Solar forecasted data.

Ranch (Completed 3/2018)

Carbon Balance with Renewable Envionmental Quantifies the impacts of largscale solar arrays and logrm
Energy: Effects of Solar Installations Management climate change on desert soil conditions to yield fundamental

on Desert Soil Carbon Cycle (Active insights into the terrestrial carbon budget in arid environments.
until 8/2019)
Optimizing Solar Facility Environmental Develops methods to decrease adverse environmental impacts «
Configuration Hects on Habitat, Management solar energy facilities, enhance the ability to predict and overcon
Managed Plants, and Essential costly irvasions of nomative plants, improve mitigation measures
Species Interactions (Active until reduce impacts, and overcome barriers to facility siting and desig
9/2019)
Development of a Genoscape Environmental Develops higiresolution maps of population structure and
Framework for Assessing Management migration routes and applies this information to assess populatic
PopulationLevel Impacts of level impacts by screening carcasses collected from renewable
Renewable Energy Development on energy facilities to improve siting recommendations for new
Migratory Bird $ecies in California facilities.
(Active until 9/2019)
Connecting Emerging Energy Market Provides market analysis that addreasthe barriers that hamper
Technologies and Strategies to Integration commercial development of emerging energy technologies. The
Market Needs and Opportunities deliverables from this project will help prioritize future Energy
(Active until 3/2021) Commission funding toward technologies that solve the address
issues.
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3.1.3.2 | Research Initiatives from Othdfunding Entities

DOE focuses on R&D to reduce the cost and improve the performance of solar technologies; efforts span
from earlystage materials research to initial demonstration projects. Current initiatives and funding
opportunities are aimed at improng the efficiency, resilience, and costs of PV and CSP technologies. There
is an additional focus on improving the integration of solar on the grid, including a specific initiative to
improve solar forecasting. Finally, DOE is investing in projectaitbaimed at developing solaelevant

skills in the workforce.

Table3-8. Solar Powett Summary of DOE Research Initiatives

Initiative/Program Description/Goal Potential Impact

U.S. Department of Energy

Advanced Systems Srengthen the integration of solar on the Develop tools that enhance the situational

Integration for Solar electricity grid, especially critical infrastructur awareness of solar systems on both the

Technologies (ASSIST)  sites and improvegrid resiliene. distribution and transmission grid and validat
technologies that improverid security and
resilience

Solar Energy Technologie: Advance components found in CSP-sub Develop new technologies and solutions

Office (SETO): systems including collectors, power cycles, capable of lowering solar electricity costs for

Concentrating Solar and thermal transport systems. CSP.

Thermal Pwer

Solar Energy Technologie: Support earlystage research that increase Develop new technologies and solutions
Office (SETO): performance, reducematerials and capable of lowering solar electricity costs for
Photowltaics processing costs, and impraveeliability of PV PV.

cells, modules, and systems. In addition,

develop and test new ways to accelerate the

integration of emerging technologs into the

solar industry.

Solar Energy Technologie: Support projects that seek to prepare the sol: Improve workforce training that will manage i

Office (SETO): Workforce industry and workforce for a digitidegrid. modern grid.
Increase the number of veterans in the solar
industry.

Solar Forecasting 2 Support projects that generate tools and /u% E}A 3Z uv P uvsd }( *}c
knowledge for grid operators to better variability and uncertainty, enabling more
forecast how much solar energyill be added reliable and coseffective integration onto the
to the grid grid.

DOE SunShot Vision Study
In February 2012, DOE released the SunShot \@&iahy®8 which includes a roadmap of recommended

actions aimed at pursuit of the vision. The progress toward these goals has been tracked and updated in a
UJE E Vv8 e« 3 }( JPZE E + E Z % % E+ }oo 35]A%TEble3dprovitlésy 57
actions identified in these followp research papers as areas that are critical for increasing solar capacity in
the United States.

B ArpveZ}S s]e]}WatdpalRenewable Energy Laboratd2912 www.energy.gov/eere/solar/sunshetisionstudy.
69AKv §Z W §Z 5§} MuvdiE¢So Z v A o v EPRQLewwiEne§yQr/eere/solar/patlsunshot
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Table3-9. Actions to Achieve SunShot Vision

Action Description

PV
Decrease Production Costs-$t)

Increasec-S Efficiency
DecreaseProduction Gosts (Thin

Film)
Increase Reliability and Durability

DecreaseBalance of Syem
Hardware Costs

Decrease BOS Soft Costs

CSP

Reflectivity and Mirror Cleaning
Alignment, Focusingand Tracking
Manufacturing and Installation

Salt Solar Receiver
Thermal Energy Storage

Material Selection/Compatibility
Solid Particles

Salt Chemistry

Saltto-sCQ Heat Exchanger

CrossCutting
Environmental Management

Technical Assessment of Grid Connected Renewable Energy and Storage Technologies and [SEategies

Use kerfless wafering techniques to reduce material waste, lower energy
consumption and eliminate other factory costs.

Increase cell efficiency using known technology improvements such as passivate
emitter and rear cells (PEBC

Implement less expensive deposition methods, use different material precursors,
increase substrate reuse for exitaxial-ff methods.

Improve control of the process windgand prevent the shipment of products thvi
latent defects. Develop higlresistivity encapsulant materials and other materials th
result in fewer cracked cells, broken ribboagad failed solder bondsievelopnew
processes that reduce delamination and chemical erosion.

Improve efficiency of moduleslevelop new racking and installation materials, new
types of invertersand useintegrated PYand improve modular construction.

Improve software for designing systems, stream|tenning/permit processs
introduce roboticbased installations, reduce the complexity of electrical connectio
to reduce laborand standardize systems to reduce design and construction time.

Improve the initiakeflectivity and longterm durability of mirrorsdevelop new
materials and strategies that minimize labor and water usage for cleaning mirrors

Improve the alignment and focusing of the mirror facets to improve collector
performance in optimal and diffussky conditions.

Improve onsite manufacturing andnstallation processes to reduce complexity and
cost.

Develop loweicost and thermodynamically compatible salt receivers.

Develop containment options that can use lowmst containment alloys, including
internal insulated salt tanks or frozen salt barrier tanks.

Identify appropriate materials for containment that can resist salt corrosion and h¢
the requisite tensile strength at the desired operating temperatures.

Identify or continue to develop lowost particles that increase solar absorbanod a
decrease particle loss and reduce abrasiveness to structural materials.

Develop new salt chemistries that can be used at representative operational
temperatures.

Develop heat exchangers with very Ipnessure drop on the CQide, and develop
strategies to avoid thermal shock and freeze recovery.

Develop mew strategies to reduce glar@ssesstte effect of the solar plants on bird
mortality.



3.1.4 | R&D OpportunityAreas and Technologies

To identify and prioritize R&D opportunity areas and Figure3-8. SolaExperts Interviewed
teghnologles for solar energy, technical assessment analysts x Jan Kleisshssociate Director.
relied upon over 30 sta and federal government reports, UCSD Center for Energy Research
industry reports, and peereviewed research articles. Researct y saran KurtzProfessor, USlerced

also included phone interviews with five solar energy experts | ., LibbySenior Technical Leader

from government and other research institutions across the Electric Power Research Institute
United States. The interviews cortsis of a series of questions  x Avi ShultzCSP Program Manager
that covered three broad topics: industry trends and drivers, DOE/SETO

technical attributes of existing and breakthrough technologies x Lenny TinkerPVProgram Manager
and recommendations for future Energy Commission DOISEISTY
investments and metrics.

Together, these sources@rided detailed insights into the state of existing technologies, key challenges,
R&D opportunity areas, and emerging and potential breakthrough solar technologies.

3.1.4.1 | Key Considerations

Expert interviews and literature review identified a numbefaiftors worth consideration when dealing
with assessment, investment, or construction of solar generation in California. These areas are broadly
categorized into technical, financial, and regulatory considerations, as discussed below.

Technical Considerains

X The intermittent nature of solar energy poses integration issues for the grid to be addressbd
intermittent nature of solar radiation complicates the smooth integration of solar energy onto the grid.
CSP with thermal storage and-PMs-storage sgtems offer ways to timshift solar generation to
better match resource availability and energy demand. TFginiting solar energy will allow for more
reliable energy and most likely lead to more installations.

x New tracking hardware can increase solarieféncy.Innovations in solaraicking equipment, such as
the airrpowered systems developed with EPIC funds, can reduce the cost and complexity of tracking
systems.

x New materials can increase PV and CSP system efficieriogsoved contact layers, cellrsttures,
and materials offer the potential for high&fficiency collection of solar energy for PV technologies.
These materials can drive down system costs and increase production in a smaller amount of land. CSP
has similar opportunities for improvinpé materials for thermal energy storage. Increased efficiency
could enhance the return on investment of CSP systems and add value to the grid as a dispatchable
renewable resource.

X CSP grid integration modeling assessments could enhance understanding of the value proposition for
future development in CaliforniaUnderstanding the overall effect of CSP on the California grid
requires that modeling efforts look at grid penetration. i@ahia has taken steps to understand CSP as
a resource by looking at CSP production from the lvanpah plant. Potential CSP development sites could
be modeled to identify those of the greatest value. Resource integration studies should not be limited

Technical Assessment of Grid Connected Renewable Energy and Storage Technologies and [SEétegies



to CSRystems and should include PV and other renewables, storage, and grid infrastructure/
management systems as well.

x New models are needed to explore the impacts of high solar PV generation growth and portion of
load share in CalifornialThere is a risk than overreliance on solar PV @alifornia could exacerbate
the duck curve, which will result in a greater need for f@shping systems to deal with the decline in
energy production when the sun goes down. While renewables can fill ramping requirertygnts]ly
natural gas plants are used for fastmping applications. New market structures or technologies, such
as more operationally flexible CSP systems, may be needed to complement increased PV production
with the ability timeshift the availability othose resources.

Financial Considerations

X PV costs per kilowathour have declined rapidly over the past decade, but markets are likely to
adjust to value the time of resource availabilityjwore appropriately.SolarPVcostshave decreasd
rapidly in pastlecades. However, future energy costs may need to be reduced further and may need to
incorporate a cost component for storage systems or the ability to more effectivelydimfie
resourcesThis is particularly importanas the increase in sol&V geneation can drive markets into
negativevalues. These market drivers may incentivize-gl8&thermalstorage and P¥lus-battery-
storage systems.

Regulatory Considerations

X Z Ppo 8]}veU Jv VvS]A U v u EIl § u% 35 « }po Z fidandeddcp(s 7 -
solar integration issuesintroducing timeof-use (TOU) rates and incentives for consumers to shift
demand to peak solar generation periods can help create more of a market for solar energy during
hours when the sun is shining. Greater demaluring those periods can signal that the grid can accept
more solar generation. Generators may also be encouraged to look at ways to provide electricity
outside of peak solar windows that would encourage installation of dispatchable CSP systems or solar
PV plus storage.

3.1.4.2 | R&D Opportunity Areas

There are several R&D opportunities that can help continue the expansion of solar capacity in California.

The R&D opportunity areas are listedTiable3-10 and expand beyond those identified in the Energy
Juu]ee]}v[e 202D Triennial Investment Plan. They are based on an extensive literature review and

conversations with experts. This table is intended to be a broad sanuflicategories where continued

R&D is required for further deployment of solar power generatiteble3-11 shows more targeted and

specific technologies that could befit or emerge from investment in the R&D opportunity areas.

Table3-10. Solar Powelt Technology Research & Development Opportunity Areas

ID Opportunity Areas Description

PV

0.s1 *Building- and Community PV in combination with storage provide power to communities and buildings
Scale PV and Storage when the sun is not shining. This smooths the production from sallwing the

resource to become nowmariable for as long as the storage lasts.
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0.5.2 Innovative Technologies New technologiesmnaterials,chemistries, and designs that increase the efficier
and/or lower costs of solar PV.

0.S8.3 Improving, Predicting, and PV modules that are more durable to weather hazardducing maintenance
Quantifying P\VDurability and financing costs as well as LCOE.
0.s4 *LargeScale Manufacturing Technologies and processes that reduce the cost of manufacturing and incre

of Emerging Technologies throughput, so Californidbased manufacturers can be casimpetitive with
other countries and states.

0.S.5 *Traditional PV Improvements to traditional PV solar designs and chemistries that can lower
Improvements costs and increase efficiency. Research to improve the ability to quantify, pre
and improveoutdoor PV durability, which would reduce financing costs and
lower LCOE.
0.S.6 *Thin Alm Technologie$ Specific PV technology that is more adaptable and easier to manufacture an
install.
CSP
0.S.7 *Alternatives to Current CSPBrojects are largescale, expensive, and lafiickensive. Approaches
Conventional CSP that look at using alternative materialorking fluidsmanufacturing, and/or
designs can lower costs of systems and reduce their footprints.
0.s.8 *Efficient TES and Heat Technologies, processes, and innovative materials that reduce failure and lov
TransferFluid maintenance costs associated with THESe handling and storage of ti&S
medium for CSP planiscritical for providing delayed energy generation from
solar.
0.S.9 *Improved Receivers and  Improvements to lhe receiver tower and absorbing materials for O8Richare
Absorbers for CSP important for increasing the amount of heat collected and transferred to the
heat transfer material.
0.S.10 *TES Technologies angdrocesses that deal with CSP with a medium that pra/ideS

This area covers integration and operation of the system and also includes
technologies not handled by other opportunity areas that bring CSP with TES
closer to market.

CrossCutting

0.S8.11 Environmental and Social  Investments in technologies processs that reducenegative environmental or
Improvements social impacts from solar technologies.

0.S5.12 Testing Methods and Test beds for PV and CSP systamsssist in lowering costs and proving a
Facilities technology is ready before going to market.

Several research areas overlap with EPIC investment interests. Those overlaps are given the following identifiers:

* Mentioned in EPIC Investment Plan: Previous and P&ERC Investments related to Solar Technologies

2 Relevant to Initiative 4.1 Advance the Material Science, Manufacturing Process, aBiturMaintenage of Thin Film PV Technologies
3 Relevant to Initiative 4.3 Making Flexibld®eaking Concentratingolar Power with Thermal Energy Storage @ashpetitive

4 Relevant to Initiative 7.3.1 Find Environmental and Land Use Solutions to Facilitate the Transition to a Decarboniziéd Efsttm

OAlex E o CU "D § (E] o v I € 8§} ]1(( & y_DePpmtdupopntcomiedhtent/ddd@upont/productsand
services/solaphotovoltaicmaterials/solarphotovoltaicmaterialslanding/documents/P¥T echarticle.pdf
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3.1.4.3 | Emerging and Breakthrough Technologies
Theemerging and breakthrough technologiesTiable3-11 represent more targeted opportunities for Energy Commission investment and fall
within the aforementioned R&D opptunity areas.

Table3-11. Solar Powelt Emerging and Breakthrough Technology Matrix

Parallel Research
Topic

R&D Opportunity Areas Potential Impact

S.1 Alternative to Rare Supply Chain LargeScale Manufacturing Rare earth elements such as those in CIGS and cadtigliunide solar cells are
Earth of Emerging PVs in high demand and will increase costs. Alternatives to these need to be
identified.
S.2 Gallium Arsenide Solar Legacy System Traditional Thin Film PV The ability to masgproduce lowcost gallium arsenide solar cells, which have
Cells Improvement Improvements, Larg&cale efficiencies 50% greater than that of silicon solar cells, would significantly
Manufacturing of Emerging increase the amount of power per unit area solar can generate.
PVs

S.3 Organic Photovoltaics Innovative System Innovative Thin Film PV These photovoltaics consist of eatdvundant materials, which would make
Development Technologies collecting the materials loweost. While currently expensive because of
inefficient fabrication processes, improvements in manufacturing can make
organic PV more affordable.

S.4 Perovskite Solar Cells Innovative System Thin Film PV Technologies Perovskite cells havachieved lab efficiencies comparable to incumbent PV
Development technologies, and being able to stabilize the material defects could allow for
higherefficiency and lowecost solar modules to enter the market.

S5 Tandem PV Innovative System InnovativePV Technologies Tandem PV cells use multiple PV cells tuned so that one absorbs-bigdrery
Development photons while others absorb lowamergy ones. Optimizing solar cells for
specific bandgaps can increase the system efficiency.
CSP
S.6 Brayton Cycle Operationsand Alternatives to A Brayton cycle for power generation uses air or supercritical carbon dioxide
Maintenance Conventional CSP instead of water and can operate at a higher temperature than a standard st
Improvement turbine, increasing the efficiency tfe system.
S.7 Beam Down CSP Innovative System Alternatives to This CSP system, which beams light down toward a secondary collector belc
Development Conventional CSP central tower, may allow for higher operating temperatures and higher systet
efficiency.
S.8 Direct Solar to Salt Operations and Improved Receivers and Removing a heat transfer medium between the reflected solar energy and th
Receiver Maintenance Absorbers for CSP, Efficien molten saltallows for the salt to operate at a higher temperature, improving
Improvement TES, and Heat Transfer Flu efficiency.
for CSP
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Parallel Research

R&D Opportunity Areas

Potential Impact

Topic
S.9 Containment Alloys Supply Chain
S.10 Gas Phase Receiver  Legacy System
Improvement
S.11 Insulation of Molten Operations and
Salt Maintenance
Improvement
S.12  Linear Fresnel Innovative System
Development
S.13  Molten Salts Legacy System
Improvement
S.14  New Materials for Supply Chain
Reflection and
Absorption
S.15  Particle Receiver Legacy System
System Improvement
S.16  Pumps for Molten Salt Operations and
Maintenance
Improvement
S.17  Stirling Dish Engine Innovative System
Development
CrossCutting
S.18 Sensory Systems Operations and
Maintenance
Improvement
S.19 Test Facilities Information
Technology

Technical Assessment of Grid Connected Renewable Energy and Storage Technologies and [SE&tegies

CSPTES

Alternatives to
Conventional CSP

Efficient TES and Heat
Transfer Fluid for CSP

Alternatives to
Conventional CSP

Efficient TES and Heat
Transfer Fluid for CSP
Improved Receivers and
Absorbers for CSP
Alternatives to

Conventional CSP

CSPTES

Alternatives to
Conventional CSP

CSPTES; Traditional PV
Improvements

Testing Methods and

Alloys that resist corrosion and high temperatures can allow for more efficier
CSP designs and make CSP more reliable by miniriznts such as leaks.

Using a gas phase heat transfer fluid instead of a liquid offers a lower cost tt
molten salt and can be built with modular storage to ensloregterm reliability.

Minimizing the amount of heat the molten salt loses will allow CSP to store n
energy for longer periods of time.

This design of having slightly curved stationary mirrors reflect light onto a
stationary tube similar t@ parabolic trough is a simpler and more ceffective
method of CSP, although it does have a lower efficiency.

Molten salts that can be heated to hightemperatures (>708C) can allow for a
more efficient system and more power generation.

Materials that can increase the amount of light reflected byidsthts and
absorbed by the receiving tower can increase efficiency by allowing the plan
operate at a higher temperature.

Using solid particles instead of a hésnsfer fluid can allow for operation abov
1000°C, being more efficient while lowering costs by using less materials.

The ability to pump higllemperature molten salt without danging the system
improves efficiency and plant reliability.

By using a dish to focus light onto a Stirling engine, this technology is a mod
form of CSP that wouldave an efficiency higher than other alternatives.

Sensory measures for the tracking systems of PV modules and heliostats wi
improve theirefficiencies. Sensory systems will also be needed in CSP flow
systems to ensure system reliability.

Testing of all individual PV and CSP components is necessary to ensure sys

Facilities; Efficient TES and will operate appropriately.

Heat Transfer Fluid for CSF



Wind

In 2017, wind energy generated within California teth12,858 GWh, accounting for rougly%percent
of the in-state total power generatioand 21.0% of istate renewable power generatioft Wind energy
power plants generating in California during at least part of the year had a total capacity o832

Figure3-9 shows how wind energy generation in California has grown in gross generation (GWh) and
capacity from 2001 to 201The number ofjigawatthoursrepresents more than a tripling of wind energy
capacity sinc€aliforniap RPS law was adoptedalifornia turbines span an age range of more than three
decades and vary from early fixageed, fixeepitch machines of tens of kilowatts in capacity to modern
power-electronic variablespeed, variablgitch machines ofmore than 3 MW. While many early turbines
were installed on lattice towers, newer ones are installed on tubular towers. The composition of the
turbine fleet has been dynamic as operators repower or retire older turbines and start new préjects.

Figure3-9. Wind Energy Generation in California from 2001 to 2017

Data fromenergy.ca.gov/almanac/renewables data/wind/

71A1116 d}§ 0 ACe§ u o SE] 'v & §]}vU_  o](JEV] v EPC }juulee]}vU & « }( :pv iiU fii6U

energy.ca.gov/almanac/electricity data/total_system_power.html

A o SE] ]8C (E}u t]v v EPC & §]*8] «+ ~ & U_ o](JEV] WIEPC }uules]}vU v K &)}

energy.ca.gov/almanac/renewables data/wind/
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CE&00-2017-001, February 2012&nergy.ca.qgov/2017publications/CR200-2017001/CE€00-2017-001.pdf
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Continual deployments and investment in R&D
will help to continue to drive down the price and
improve the performance of wind power
technologiesFigure3-10 shows the declinén
LCOE for wind power from 2009 to 2018.

Looking forward, the DOE FY 2019 budgetiest

establishes cost performance targets,

summarized ifmable3-12. The most recent of

these targets have already been exceeded. DOE

focuseson scierwe and earlystage innovations to

optimize the design and operation of future wind

plants Theaimisto strengthen the body of

knowledgethat industry can utilize to develop

the taller towers, larger rotors, lowereight

components, plantevel controlstrategies, and

technologies hat reduce environmental and

Comml.Jnlty Ilmpactsachleve.nelclessary cost Figure3-10. Unsubsidized Wind LCOE (Lazard)
reductions, improve grid reliability, and reduce &IPUE (EJu>1 & [+ > A o]l R
regulatory burdeng?® (LCOE 12.0)

Table3-12. Wind Power Cost Performamdargets (DOE)

FY 2017 FY 2018 FY 2019 Endpoint Target

17.2 cents/kWh 14.9 cents/kWh by 202(

Offshore Target (target met) 16.2 cents/kWh 15.7 cents/kWh 9.3 cents/kWh by 203(
LandBasedTarget 5.5 cents/kWh 5.4 cents/kWh 5 cents/kWh 3.1 cents/kWh by 203(

(exceededt 5.2)

Offshore assumptions: The offshore wind energy cost target is an unsubsidized cost of energy at utility scale. Disésunt rate
derived from empirical European installatiomapacity weighted average installedpitaland operating expenditures<C@pEx
and OpExvalues derived from European Installations in 2016; 8.4wifsl speed @50n hub height; and 2@ear plant life.

Landbasedassumptions: Thiand-basedwind energy cost target is an unsubsidized cost of energyilityy scale. Real market
weightedaveragecost ofcapital (WACC) of 5.6%; national capacity weighted average installed CapEx and OpEx values; 7.25
m/s wind speed @50 hub height; and 2year plant life

Source: Department of Energy FY 2019 Congressional Budget Request. Vitam323. DOE. March 2018.
energy.gov/sites/prod/files/2018/03/f49/F?019Volume3-Part2.pdf.

74 % evelized Cost of Energy and Levelized CBtavge 2018 > 1 G U E}A u lagarddddmipédhective/levelizedostof-energy
andlevelizedcostof-storage2018/.

75 Department of Eargy FY 2019 Congressional Budget Request, VoluRet®: 23, DOE, March 2018,
energy.gov/sites/prod/files/2018/03/f49/F2019Volume3-Part2.pdf.
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https://www.lazard.com/perspective/levelized-cost-of-energy-and-levelized-cost-of-storage-2018/
https://www.energy.gov/sites/prod/files/2018/03/f49/FY-2019-Volume-3-Part-2.pdf

3.2.1 | Resource Availability

Thedtate has six designated wind resource
areas(WRAs}hat are specific zones

containing many installed wind generation
projects.A larger map of the California wind
resources areas can be shown by following the
link listed in the caption ofFigure3-11. In

order from north to south, the wind resource
areas are:

Solano

Altamont

Pacheco

Tehachapi

San Gorgonio

East San Diego Coynt

[t Bt B et W e W e W Y

The WRAs were identified as having high wind
resources and being close to gadcess

points. The largest wind resource area is
Tehachapi in Kern County, which is also the
county with most wind generating capacity.
With more than 4,000 turbines and more than
3,000 MW of capacity, the Tehachapi wind

resource area produced m_ore than half of Figure3-11. Wind Projects and Wind Resource Areas
Cal] (} & wietjeind energyin 2014 The CEC provides maps of California wind projects and wind resour

WRAs do not represent all the available wind areas. The webpage also provides a link to an interactive mapp
. tool from NREL taneasure wind energy across the state and
resources in the state, and they do not

o _ country.
represent limits for future expansions of the
electric grid.

Availableat energy.ca.gov/maps/renewable/wind.html

The Renewable Energy Transmission Initiative (RETI) is a proaetiswjd®, nonregulatory forum to

identify the constraints and opportunities for new transmission to access and integrate new renewable

E *}JUE * v Z 0% U 35 8Z 33 [+'," v EVA o v EPCP}oeX ((
optimize use of the a@sting transmission system, ensuring that powendling capacity and energy

transport capabilities are not underutilized and transmission expansion enables transport and sharing of
renewable electricity and reliability responsibilities.

The Tehachapi Rem@&ble Transmission Project is an ongoing SCE project in Kern, Los Angeles, and San
Bernardino Counties that connects roughly 3,800 MW of new wind capacity. This project includes new and
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upgraded transmission infrastructure along roughly 170 gigure3-12. Wind Eergyin California
miles of new and existing riglf-way from the Tehachapi 4z ~tjv v EPC ]v
WRA in southern Kern County south through Los Angeles 0l(J&vVv] _ & %}ESU & o -
. by theEnergy Commission
County and east to Ontari@. in February 2017, is the

_ _ first to address the state of
Estimates of the wind energy resource over the land area wind energy in California

of California were developed by NREL in a series of since reinstatement of the
studies!” NREL evaluates exclusion of potential areas for C?T?Jr;".a.llz? Sr[g.y t]v
reasons of the environment, national defense, land use, Performance Repoirig
and topographyThe data provide an estimate of annual ~ System in 2014.
average wind resourador states and regionghe Availableat energy.ca.qov/2017publications/CEC

_ _ . 200-2017-001/CE€00-2017-001.pdf
datasets are geographic shapefilengrated from original
raster data, which varied in resolution from 260to 1,000
m cells. Additionally, NREL published a study in 2010 that includes annual average offshore wind speeds at

a 90 m height within 50 nautical miles of the California céast.

The California Wind Energy Associati@alWEAakes estimates of the current, netarm potential for

further wind energy development. Considering current constraints on wind development in California, the
association estimates that theS S nlearterm additional developable potentias approximately

2,000MW.7° If wind technologies can reach higher hub heights and offshore locations, potential wind
generation can be increased dramatically. The taller towers and larger blades of advanceddaddvind
energy technologies access more consistent and stronger winds higher above the ground. NREL estimates
§Z 8§ § idiuzZuy Z]PZ3U o](}EV] [+ Alv v EPC %}3% vi] o v ]v
miles to unlock an additional capacity of 128 &W.

The ocean waters of California also hold wind resources that may be accessed in the future. Offshore
resources are estimated to offer several advantages tamtbasedlocations, including higherapacity

factors closer correspondence of generation ples to demand, steadier wingproximityto coastal areas

with high populations, and a need for shorter transmission infrastrucbyreomparison to other western

wind resourcesWind generation in deep water using floating platforms will help enablessto much

greater offshore wind resources. Including all locations with water depths less than 1000 m and wind

*% < PE 8§ & SZ v 6 uleU o]J(}E&V] [+ 8 Zv] o €& *}uE % 15C (}d
however, the capacity that is realistilly accessible may be far loweiFuture offshore developers will

®Atlyv WEPC Jv o](}EV] U_ 0o](}EV] v EPC }uulengigtasgovi2(l@pablidatiodssaR2e0 2013
001/CE€200-2017-001.pdf

AtV S§U_ES38]lvoZvA o v EPC > }E 3}Eard.gov/gigdatawindihtrGE Tii6 U

DX A~ ZA ESIU X , Juloo BU AX , Cu *U tX Dpe] oU " ee coye v E( I (1ANE 11§ § v UEPE 37} v} pC
Renewable Energy Laboratory, Technical Report NRBOO#5889, June 201@yrel.gov/docs/fy100sti/45889.pdf

79N. Rader,/Repowering 1980¥intage Turbines: Befits & Barriers, presentation atCalifornia Energy Commission, Sacramento, January 28,
2016.

80Wind Exchange, accessed December 2@48dexchange.energy.gov/majata/14.

81t 0§ Due] oB}K (v v EPC E] (JVPU_E 8]}vo Zv A o v EPC > }E §}JECU %E + v3 §]}
Integrated Energy Policy Workshop Offshore Renewable Energy, May 25, 2016.
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have work with state and federal agencies and be aware of areas that may-lmit§fbecause of federal
jurisdiction.

3.2.2 | Technology Overview

3.2.2.1 | LandBased Technology Trends and Performanceriftites

California hosts a wide variety of wind turbines within the state borders. Turbines started operating in the
state in the early 1980s and continue to be installed today. Over three decades, turbine technology has
advanced greatly. While early turtds were fixeespeed and fixegbitch, current turbines include power
electronic variable speed, variable pitch, and computer controllers. Current turbines ara@atbring,
provide condition status to operators over a distance, and contain softwaregolate power outpu?

The most common turbine size in California is 100 kW, followed by 65 kW, exemplifying that much of the
S § [+ (0 S }ve]eSe }(}o E S Zv}o}PCX dZ o EP S SuUuE ]Jv » Jv §Z
of 112 m. Analysis of reportedrioine models in California by number shows that the Kenetech Ka8®b6
is the most common model, with 2,600 turbines in use. These early technology turbines were installed in
the late 1980s, and they continue to produce energy. Other common turbine moadlsie the Vestas
V-17 (with more than 800), the Vestasl¥d (with _ _ _
more than 700), and the Bonus 250 (with almost Figure3-13. The U.S. Wind Turbine Database (USWTDB
" . . The USWTDB is a comprehensive dataset that includes the

600). On a capacity basis, the most used turbine |ocation, installation year, capacity, and turbine and
models are the Vestas V 90 3.0 (With 1,500 MW manufacturing speifications for each wind turbine in the United
use), the GE 1.5 (with almost 800 MW), the States. An accompanying V|sual_|zat|(_)n tool that _allows users ti

) ) explore a U.S. map of wind turbines is part of this resource.
Siemens SWT 2.3 (with almost 600 MW), and th

) Available ateerscmap.usgs.govswtdb/
REpower 92 MM (with almost 500 M\&?).

Table3-13. Performance Attributesf 100 kW Turbine from 1990 and 3.3 MW Turbine from 2014

Attribute Example of 100 kW Turbé, 1990 Example of 3.3 MW Turbine, 2014
Capacity 100 kW 3.3 MW
Installation Year 1990 2014
Manufacturer Kenetech Vestas
Model 56-100 V1123.3
California Project Name EDF Renewable V Project Rising Tree North
California County Solano Kern

Hub Height 18 m 84 m

Rotor Diameter 17m 112 m

Total Height 27m 140 m
Swept Area 227 n? 9852 n¥t
Estimated Capacity Factor 21.6% (1991) 25.8% (2014)

*Data from 1991 Wind Performan&eporting System Summaryroduction of 56100 turbines divided by capaciand 8,760 hours.

* Weighted average of monthly capacity factors reported for large wind turbines in Tehachapi in Wind Energy in CaliforBias@biton,
Analysis, and Context Report.

82ntlv v GPC ]Jv o](}Ev] U_ TiiéX
8Atlv. v EPC Jv o](}EV] U_ Tiié6U % P 18X

Technical Assessment of Grid Connected Renewable Energy and Storage Technologies and [S&&tegies


https://eerscmap.usgs.gov/uswtdb/

Table3-13 compares a common turbine installed in 1990 with one from 2014 and demonstrates the vast
change in characteristics that has occurred in the interim. The dominance of older technology, especially at
high wind resource sit& represents an opportunity to modernize the fleet with resulting benefits in
efficiency, grid compatibility, reduced impacts on avian species, and increased renewable energy
production. Currerimarket technology offers considerable advantages over mit¢heoinstalled

equipment in the stateA broader comparison of wind technologies in the United States and California is
presented below.

Table3-14. Average Performance for Newly Installed Wind TurbinéiserUnited States in 2017

2017 Average 2017 Average

Attribute Notes and Trends

U.S. Value California Value
Technology and Performance Attributes

Nameplate Capacity 2.32 MW 2.26 MW Up 8% from 2016 and 224% since 185809

Capacity Factdr 32% (2016) 29%(2016) Based orlJ.S. Energy Information Administration
(EIA data from 2016 and USWTDB

Curtailment 2.5% 0.4% Data from 2017 Wind Technologies Market Report

Rotor Diametef 113 m 113 m Nationally, up 4% from 2016 and 135% since 1998
1999

Hub Height 86 m 80m Nationally, up 4% from 2016 and 54% since 1998
1999

Specific Power 231 W/ne 380W/m? Nationally, down from 394 W/&in 1998t1999

LongTerm AverageWind Speed 7.7 m/s at 80m n/a Nationally, 2017 deployments were in loweind-

at Deployment Ste height speed sites than in the previous three years

Configuration Nearly a quarter of the larger wind power projects built in 2016 and 2017 utilized turbint

with multiple hub heights, rotor diameters and/or capacitieall supplied by the same
originalequipment manufacturer (OEM).
Costs and Power Prices

Price by Capacity $750t950/kW n/a Down from $1,600/kW in 2008

Installed Project Costs $1,610/kW $2,157/kW Capacity weighted average

Operations and Maintenance n/a n/a Limited data availability

(0&M)

PPA Price $20/MWh n/a Down from around $70/MWh in 2009

LCOE $42/MWh n/a Interior region

Energy Market Value $19/MWh $28/MWh The energy market value of wind was lowest in the

Southwest Power Pool, at $14/MWh, whereas the
highestvalue market wagalifornia at $28/MWh.

Cost of Integrationi Range from n/a For wind power capacity penetrations of up to or
$5/MWh to exceeding 40% of the peak load of the system
$20/MWh

Data fromeerscmap.usgs.gouswtdb/ and energy.ca.gov/2017publications/C200-2017-001/CE€00-2017-001.pdf

! Capacity factor was calculated by dividing the total wind energy produatititei state and country, reported by EIA, by the
installed capacity that was present before 2017 according to the USWTDB and 8760 hours.

2In 2008, no turbines employed rotors that were 100 meters in diameter or larger; in contrast, by 2017, 99% ohstailéd
turbines featured rotors of at least that diameter, with 80% of newly installed turbines featuring rotor diameters of greater
110 meters and 14% greater than or equal to 120 meters.

Sdz € Z - % o]lv ]Jv 8Z A E & growih in bept¥efoha@a has outpaced growth in nameplate
capacity. Turbines originally designed for lownd-speed sites have rapidly gained market share and are being deployed in a
range of resource conditions.

4 Grid system operators and othersrtinue to implement a range of methods to accommodate increased wind energy
penetrations Just over 500 miles of transmission lines came online in 208s5 than in previous years. The wind industry has
identified 26 neatterm transmission projects thatf completed, could support considerable amounts of wind capacity.
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Recent wind capacity additions were driven in part by th? Figure3-14. 2017 Wind Technology
]Jv HeSEC[* % E]Ju & C Vthe Eodoctjon taxslédit Market Report
(PTCy as well as myriad statevel policies. Wind capacity The 2017 Wind Technologibtarket Report

- : . i summarizes the major trends in tHg.S.
additions have also been drivdry improvements in the cost and ind power market in 2017:

performance of wind power technologies, yielding lpwced X InstallationTrends
wind energy for utility, corporate, and other power purchasers. X IndustryTrends

. . ) ) . . . x Technology Trends
However, California is experiencing saturation of its wind ey e
resource areas, and installed labdsedwind power capacity x Cost Trends
decreased by 39.6 MW between 2016 and 20THe prospects P UM [PUSED IS Urenss

) ) ) x Policy and Market Drivers
for growth beyond the current PTC cycle remain uncertain, givi  y 5100k

declining tax support, saturation of suitable development areas Tl el sm i e
and modest electricity demand growt. marketreport

The expasion of manufacturing capabilities over the past decade has supported domestic technology
growth. However, there is currently a conflicting incentive for new manufacturing growth; after the PTC
expires, neaterm demand for rapid growth will likely decline more tempered demand. In addition,

several original equipment manufacturers (OEMs) consolidated, which resulted in the closure of some
manufacturing facilities. California has limited wind manufacturing capabilities and even saw the shutting of
a plantnear Tehachapi in 201 The lack of local manufacturing increases transportation costs for new
turbines and therefore raises the capital costs associated with new turbine installations in California. In
addition, the lack of manufacturing capabilitiesGalifornia means the majority of the over 105,000

workers in windrelated jobs are not located in the state.

3.2.2.2 | Offshore Wind Energy Overview

The 2017 Offshore Wind Technologies Market Update provides a detailed discussion of key offshore wind
market trendsregarding technology, cost and pricing, developments, and more. The following highlights
were selected from this repof

The U.S. offshore wind industry took a large leap forward as commespzild projects were competitively
selected in Massachusett8q0 MW), Rhode Island (400 MW), and Connecticut (200 MW). As of June 2018,
the U.S. market has 1,906 MW of capacity that, according to developers, will commence operations by
2023 and 25,464 MW of potential capacity in the aggregate pipeline.

The U.S. pigme continues to be led by projects along the U.S. eastern seaboard. As shoalne-15,
there are two projects being considered in California. The Califpnojacts, unlike those on the eastern
seaboard, are still in initial planning and outreach phases and will likely be years in the making.

87X t]le & v DX }o]vP EU ~Mii6 t]lv d Zv}o}P] « D El § Z %}ESU_ > AE v @UsStR0T8,E S]}v
emp.bl.gov/windtechnologiesmarketreport. )

85Jack E UA ooU 7' «ZusSsS]JvP }Av Alv u vu(_TéhadhipiNelwOdbler22, 2814 bakersfield.com/archives/ge
shuttingdown-wind-manufacturingin-tehachapi/article _e5a8105€ccc55fe-855fb00b339d4a94.html

8 ATI{6 K((¢Z}E tlv d Zv}o}P] * D Bl § h%e 3 U_ K K((] }( vEPC ((]]1]veC v ZvA o \
enerqy.gov/sites/prod/files/2018/0855/71709 V4.pdf
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Table3-15. Offshore Wind Projects Being Considered in California

Project Name Developer Status ProjectSpecific FoundationType
Capacity (MW)

Morro Bay Offshore Trident Wind Planning 765 Floating

Humboldt Bay Principle Powef£EDPR/ Planning 1001150 Floating

RCEA

1 At this time, nothing has been permittednd the project is still in initial planning and outreach phasesefmorandum of
cooperation was approved by the City Council on October 13, 2015, outlining the potential use of the outfall and requests from
the City for Trident Winds to engage in sigraht public outreach on the projeanorro-bay.ca.us/897/TridenWinds
OffshoreWind-EnergyProje

2The Redwood Coast Energy Authority (RCEA) proposed a projdut offast of Humboldt Bay, California, and signed a ptblic
private partnership with an industry consortium led by Principle Powerred@oodenergy.org/offshoravind-energy/

During 2017 and the first half of 2018, offshore wind auctions were held in Germany, the Netherlands, and
the United Kingdom for projects with commissioning dates from 2021 to 2025. The auction results support
atrendofconfvpu]vP % E] @& H 3]}ve }JA & SJu Vv E spod ]JvepA«{ECe 3% 3
Germany and the Netherlands.

The expected cost reductions driving recent rectod winning auction bids for future European projects
are reported to include a cohination of increased turbine and project size; continued optimization of
technology and installation processes; improved

market, regulatory, and auction design structures Figure3-15. State Offshore Wind Prodcurement Targe
increased competition within the supply chain; U.S. offshore wind development is driven primarily by state

f bl . ds: astt . procurement mechanisms, such effshorewind renewable
avorable macroeconomic trends; astrategic energycredits (OREQsmployed in New Jerseynd
market behavio®’

Maryland and competitive solicitations employed in
Massachusetts, Rhode Island, and Connecticut.

X D oo Zpe $35¢[ E60 RIVE By 2027. Massachusett
will hold competitive solicitations at least evewyo years
to meet the target.

X }vv 8] usS[e 828DB0 MWh/yr. Offshore wind
projects will be acquired vieequests for proposalRFPs

Although many cost reductions are generally
expected to be transferrable to a U.S. contét,
their full magnitude may not be exhibited in the

first tranche of fullscale commercial U.S. projects
in part because of both physiadifferences (e.qg.,
water depth, distance from shore, wind resource,
geotechnical, marine life) and the risks associate
with deploying in a new market.

x Capital expenditures (CapEx) are the single
largest contributor to the lifecycle costs of
offshore windplants and include all

8 tX Dpue] oU WX ]88 EU WX ~ ZA
Energy, Office of Energy Efficiency and Renewable Erg8y,

U dXx d] vU dX ~§ ZoCU v

XxE A z}EI[ SUBPIEN C 1i1iX E A z}E
Service Commission opened a docket to receive public
comment on the optimal offshore wd procurement
mechanism.

x E A : B« C[3350EMNSHY 2030. The state will
obtain offshore wind capacity bgstung RFPs and offering
the winners New Jersey ORECSs.

XD ECo Vv [* SXEP YW Z 35 § [+ §}5 o !
sales. Capacity will be quired byissting RFPs and
offering the awardees Maryland ORECs.

Please refer to the 2017 Offshore Wind Technologies Mark
Update for more information:
enerqgy.qgov/sites/prodfiles/2018/09/f55/71709 V4.pdf

energy.gov/sites/prod/files/2017/08/f35/2016%200ffshore%20Wind%20Technologies%20Market%20Report. pdf

88 For instance, some European developers (Dutch and Germanparesponsible for the costs of transmission infrastructure, as these are
the financial obligation of the grid operator. It is currently expected that in the United States, the developer may payddoa larger
share of the transmission infrastructuthan in some European jurisdictions.
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expenditures incurred prior to the

commercial operation date (COD).

o CapEx values have stabilized and
are estimated to decline over the
next few yearsas shown irfrigure
3-16.

o Hornsea One (1,218 MW) in the
United Kingdom, the largest
offshore wind farm currently
under development, has a
reported CapEx of $4 billion
($3,280/kW).

x Operational expenditures (OpEX) cow Figure3-16. Capital Expenditures of Global Offshore

Wind Projects

costs incurred after the COEbut before Although CapEicreased between 2000 and 2015, this trenc
decommissioning that are required to is expected to reverse based on announced costs for future
. L . projects, which suggest a considerable decline between 201
operate the project and maintain turbine (observed) and 2025 (announced). The lowest CapEx of
availability to generate power. <$2,700/kW for projects installed in 20 was reported for the

i : Jiangsu Luneng Dongtai (200) in China.
0 Industrywide OpExestimates for : @ DEmmEl .0

offshore wind projects are subject to considerable uncertainty because of limited publicly available
empirical data® Major O&M cost drivers include the distance from the project to maintenance
facilities and the prevailing metocean climatea project site’?

The global capacitweighted average turbine rating installed in 2017 was 5.3 MW, with an average rotor
diameter of 141 m and a 98 m hub height. Based on the collected sample, average turbine rating is
anticipated to approach 10 MWy the mid-2020s, with the potential to exceed 11 MW later in the decade,

e Jv(}E&u C]vidl o 8§ (}JE % @E}i &« AJSZ v /A% STurbiKe sjzes3Zz %o G
the 12t15 MW range are anticipated to be a key enabler of cost reductionsatteatiriving the recent
recorcHlow auction results observed over the pastt18 months.Table3-16 provides an overview of the
performance attributes of the GE 12 MW Haliadeffshore wind turbine.

Table3-16. Performance Characteristics 6E 12 MW Haliad¥ Offshore Wind Turbine

Attribute Value Notes

Rated Power 12 MW

Power Production 65 GWh per year

Capacity Factor 63% For typical German North Sea Sites

Rotor Diameter 220m With 107 m blade

Total Height 260 m From transition piecéo blade tip

CapEx Savings of $26 million per  When compared with previous Haliade model (rated
turbine per 100 MW power of 6 MW and rotor diameter of 150 m)

89 Although wind project owners commonly report CapEx, they rarely report OpEx. Uncertainty from the lack of availabledhé is f
amplified because it is standard practice in the offshore wind industry for tui@EKs to offer fiveyear warranties.
VdX "§ ZoGCU X , JulJoo EU v 'X ~ }38U ~1ii@01)ysEreldov/docs/fyl&BIH/COIB3MHf AU _
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Attribute Value Notes

Deployment
Timeline First nacelle for demonstration in 2019 witinst units expected to ship iB021
Competition Siemens Gamesa and Senvion have both announced that they are planning to develc

Focusing on the operating fleet, Siemens Gamesa holds a dominant position with a market share of more

10+ MW turbines

than 68% of installed turbineapacity, and MHI Vestas maintains a significant minority share at 15%.

Looking ahead, Siemens Gamesa, MHI Vestas, and General Electric (GE) are expected to capture more th:

85% of the known pipeline.

Additional trends in offshore wind technology are shoim Table3-17.

Table3-17. Offshore Windt Site Characteristics, Substructgr&ogistics, and Infrastructure Trends

Offshore Wind Technology Trends

Site Characteristics

X
X

Most installed projects around the world are located in water depths ofm4hd <5km from shore.

While most developers still prefer to build projects in shallow water close to shore to miniwstesome developers
have been able to build bankable projects that are in deeper waters further from shore.

Substructure Technology

X
X

Nearly 80% of globally installed substructures are monopiles.

As the industry has begun to expand beyond Northern Euespkinto locations with more diverse site characteristics,

the announced project pipeline indicates increasing penetration for floating substructures as well as increasing div

among fixedbottom substructures.

0 Floating technology solutions took continued significant steps to tacgde commercialization with Equinor

Juulee]}v]vP 18+ ,CA]lv % E}i 3U 8Z A}Eo [» (]E*S }uu E ] o (o} 8]vP

Peterhead, Scotland.

Semitaut angled mooring lines are being pioneered by companies such as SBM and GICON to provide the ability 1

reduce the length and size of moorings for floating platforms with larger turbines.

Vessel and Marine Logistics

X

X

As the U.S. market matures, pressuraenigeasing for companies to build Jor&st-compliant turbine installation vessels

capable of installing 1RIW turbines.

0 Zentech/Renewable Resources International, AllCoast/AK Suda, and Aelous Energy Group have announced |
deploy U.Sflagged turbindnstallation vessels for projects with CODs around 2022 but have not yet initiated
construction of these vessels.

There is a persistent push to improve the U.S. port infrastructure and manufacturing capabilities supporting offsho

components, instdtion, and maintenance.

In Spain, a consortium led by Esteyco is preparing to test-ins#diling turbine prototype called the Elican project; the

approach is anticipated to eliminate the need for specialized installation vessels.

Electricalinfrastructure Advancements

X
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According to Siemens, using K8 cablesather than33kV cablesan reducehe cost of offshore collector systerby up

to 15%.

0 ABB, JDR, Prysmian Group, and Siemens have developed or are developing transformer techinatagay
cables, switchgears, and equipment to enablek§bsystems

Advancement of storage technology is driving an increased interest in coupled offshore wind and storage jmojects;

response tadhe Massachusetts solicitations, Deepwater Wind propbagootential partnership with Tesla for a

40 MW/144 MWh battery, and Bay State Wind proposed a partnership with NEC foMa\§310 MWh battery system.



3.2.3 | Research Initiatives
The following is a brief overview of some of the ongoing R&liines related to wind powerThis
summary is not intended to be comprehensive.

3.2.3.1 | EPIC Investment Initiatives

The EPIC 2018020 Triennial Investment Plan describes the sienn R&D priorities to increase wind
capacity in Californi& Under the first andsecond EPIC investment plans, the EPIC program concentrated
on the challenge of repowering wind energy. The latest plan recognizes the technical resource capacity for
additional advanced lantdased wind in California. Offshore wind is also discussed R&Bnneed,

particularly in deep water, where floating platform technology is needed to support wind turbines.

Table3-18. Wind Powert Summary of Select Investment Initiatives
Initiative Description/Goal Potential Impact

2018t2020 EPIC Triennial Investment Plan

Initiative 4.2.1: Advanced  Support advanced manufacturing techniques Improve the performance of wind technology

Manufacturing and of wind turbine components and introduce  and exploe untapped areas with lower wind
Installation Approach for ~ new composite material for wind towers and speeds. Bring new manufacturing facilities ai
Utility -ScaleLand-Based blades. jobs to California that will lower associated
Wind Components transportation costs.
Initiative 4.2.2 RealTime  Reduce maintenance costs by introducing a Provide performance monitoring for operation
Monitoring Systems for proactive maintenance system (preventive  and conditionbased maintenanceavith the
Wind approach) that avoids unexpected failures th potential to reduce O&M costs by more than
lead to expensive repaandgeneration loss  20%for offshore turbines and more than ¥
minimizes downtimeand maxmizes for land-based turbines.
technology performance.
Initiative 7.3.1 Find Proactively find solutions to potential Allow deployment of offshore wind in areas

Environmental and Land  environmental issues tied to deployment of  with sensitive marine environmental
Use Solutions to Facilitate renewable energy systems (long permitting considerations.

the Transition to a delays, postonstruction moitoring and
Decarbonized Electricity — mitigation).
System

Table3-19. Wind Powert Summary of Pr&018 EPIC Initiatives
Initiative Description

Previous EPIC Investment Plans

Previous/Planned/Possible 1. Wind turbine improvements
EPIC Investments in Wind a. GF0G16-301: Improving Performance and Cost Effectiveness of Small Hydro,
Technologies Geothermal, and Wind Technologies
b. GFQ16-310: ImprovingPerformance and Cost Effectiveness of Wind Energy
Technologies

2. Highelevation wind

3. Offshore wind

4. Realtime monitoring for wind

A o SE] WEIPE u /vA <8202 TriEn@RAnWSstihidnt Plan o] (}Ev] v & P GCEXGQD]R03023-CMF
adopted on April 27, 201, &nergy.ca.gov/research/epic/IEPIE1/.
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Select EPIC Projects
The Energy Commission has recently funded several innovative wind projects that are featured on the

EnergyCommission Innovation Showcase web8&ft&he following table summarizes projects that describe
emerging wind technologies that are relevant to uti#tgale generation.

Table3-20: Wind t SelectEPIC Projects

Project Name Technology Description

Type

Onshore Wind

Improving ShortTerm Wind Power ~ Wind This project is coordinating atmospheric field measurements anc
Forecasting Through Measurements Forecasting computational modeling to more accurately predict shtetm
and Modeling of the Tehachapi Winc wind ramps in the Tehachapi Wind Resource Area.
Resource Area
Rotor-Mounted Bat Impact Environmental To mitigate the impact of wind turbines on wildlife, thioject is
Deterrence System Design and Management designing and testing a bat deterrence system utilizing ultrasoun
Testing SE veu]SS e+ u}puvs v AlJv SuCE ]Jv [* &
215t Century Solutions for 20 Retrofitting This project seeks to design inexpensive standardizduria
Century Wind Projects upgrades to retrofit aged turbines. These least updates will

allow older turbines to behave like modern ones.
High-Performance, UltraTall, Low- Manufacturing This project seeks to build ulttall towers for wind turbines ofsite

Cost Concrete Wind Turbines by using additive manufacturing with concrete materials, lowerin
Additively Manufactured costs of assembly while accessing more wind potettii@ugh the
use oftaller towers.

CrossCultting
Learning from ReaWorld Environmental This project is using reatorld data to correlate wildlife fatalities
Experience tdJnderstand Management pre- and postconstruction to improve predictive accuracy about tl
Renewable Energy Impacts to impact future renewable energy projects wilhve on sensitive
Wildlife wildlife.
Understanding and Mitigating wind By using global ranalysis datasets, sets of observations, and-hig
Barriers to Wind Energy Expansion i Forecasting resolution global climate simulations, this project is helpimg
California identify the extent b whichregions in California may have new

vulnerabilities or opportunities as wind resources change in
magnitude and availability.

3.2.3.2 | Research Initiatives from Other Funding Entities

DOEnvestments seek toptimize the design andperation of future wind plantso develop taller towers,
larger rotors, loweiweight components, plankevel control strategies, and technologigt can benefit
the industry®

New York State has identified offshore wind energy as a major source alafferrenewable power for

the state?* NYSERDA is leading the coordination of offshore wind opportunities in New York State. Offshore
wind will supportthess § [+ u ]3]}pue o v v EPC "§ v tiEt 30%AMNeW YGEK'SU]E -
electricity need$e met by renewable sources by 2030. NYSERDA led the development of the New York

Offshore Wind Master Plan by conducting studies and engaging with stakeholders and the public to ensure

92 California Energommission Innovation Showcag®ovation.energy.ca.gov/

BN % ESu vS }( v EPC &z 1iid }VPE <¢]}v 0o u P Enrgygovisites/prid/filedi? 0HB/@3/#4d9/62019
Volume3-Part2.pdf.

“AE A z}EI A8 8§ K((+Z}E t]v U_ E A wi€rlh.msgdAll%A0Prdgsamis/Programs/Offshore%20Wind
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that offshore wind is developed responsibly and transparefftijhe state has set a 2030 offshore wind
goal of 2,400 MW of power.

Table3-21. Wind Powert Summary of DO&nd StateResearch Initiatives

Initiative
U.S. Department of Eneyg

Atmosphereto Hectrons
(A2e)Initiative

Design andVianufacturing
of Low Secific Power

Rotors (Large Svept Area)
for Tall Wind Applications

Wind Energy Grid
Integration andGrid
Infrastructure
ModernizationChallenges

Minimize Radar
Interference andwildlife
Impacts fromDomestic
Wind Energy
Development

Grid Modernization
Initiative (GMI)

Beyond Batteries
Initiative

NYSERDA

New York State Offshore
Wind Master Plan

CrossCultting

National Offshore Wind
Research and
Development Consortium

Description/Goal

Investigate systemkevel interactions
influenced by atmospheric conditions, variab
terrain, and machingo-machine wake
interactions

Strengthen the body of knowledge necessary
for industry to mitigate aerodynamic loads,
deploy newmaterials and approaches to
structural design, and apply novel methods o
fabrication and transportation, including
evaluation of the potential for onsite
manufacturing.

Focus on the tools and technologies to
measure, analyze, predict, protect, and contr
the impacts of wind generation on the grid as
it evolves with increasing amounts of wind
power.

Support projectshat evaluate proofof-
concept mitigation measures in operational
settings and ready them for broad
deployment.

Evaluate and refinessential reliability
services (such as voltage control, frequency
response, and ramp rate control) provided by
wind power plants.

Conduct &boratory-based R&D on adaptable,
wind-based, energy storage alternatives. Foc
on advances in controllable loads, hybrid
systemsncorporating generation from all
sources, and new approaches to energy
storage.

Conducted 20 studies and engaged with
stakeholders and the public to ensure the
responsible and costffective development of
offshore wind.

Lead the formation of a nationwide R&D
consortium for the offshore wind industry,
beginning with a collaboration between DOE
NYSERD#&e Renewable Consulting Group,
and the Carbon Trust.

BAEZA K((*Z}E t]v

Potential Impact

Reduce unsubsidized wind energy cost of
energy by up to 5%by 2030, compared to a
$46/MWh national average in 2015

Overcome barriers to achieving a%0
improvement in wind plant capacity factor

Enable incorporation of increasing amounts ¢
wind energy into the power system, while
maintaining economic and reliable operation
of the national transmission grid

Address the impacts of wind development or
critical radar missions.

Utilize renewable integration studies to
evaluate various power system scenarios wit
everincreasing amounts of wind enertyy
better understand impactsn reliability of the
electric power network

Develop avanceghat allow for loads to be
combined with generation from all sources
optimizinguse of existing assets to provide
grid services and increimg grid reliabilty.

Generate 2,400MW of offshore wind energy
generation by 2030.

Fill the longterm vision for offshore wind
under the current U.S. policy and based on tl
2015 DOE Wind Vision Report, which calls fc
86 GW of offshore wind capacity, representir
7% of all U.S. el&tcity generation, by 2050.

D «§ (E Wo v X-25Bw3erdany.dovsAlEEGOrams/Programs/Offshofé/ind/OffshoreWind-in-New-

YorkStateOverview/NY ffshoreWind-Master-Plan
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DOE Wind Vision Roadmap
In March 2015, DOE released Wind Vision: A New Era for Wind Power in the United States, which explores

scenario in which wind provides 10% of U.S. electricity in 2020, 20% in 2030, and 35% Th20&ihd

Vision report includes a roadmap of recommended actions aimed at pursuit of the.f4gibis roadmap

includes 33 highevel actions addressing nine specific action areas, such as Wind Technology Advancement
Wind Electricity Delivery and Integran, and Workforce Development. For many of the actions, a second
level of detail is included. In 2018017, DOE updated this roadmap to reflect recent developments and
experience’’ While most of the originally identified actions are still considered r@¢\and important, the

update effort identified several actions that either need increased emphasis or were not included in the
original roadmap. These are described able3-22.

Table3-22. Wind Vision Roadmap, Areas of Need
Action Description

Action 1.1: Improve Wind Resource Develg longterm, highquality public wind resource data sets for model

Characterization development and validation. Extend wind forecastingpth landbased and
offshorevto include seasonal and interannual variations and extreme storneseby
redudngwind-plant financing risk and increaigsgwind energy value.

Action 2.1: Develop Next Conduct R&D with austained focus on fundamental science promising major
Generation Wind Plant Technology reductions in wind energy costs and development risks.

Action 2.5: Develop Revolutionary

Wind Power Systems

Action 3.1: Increase Domestic Conduct fuliscale demonstration of promising new manufacturing techniques to

Manufacturing Competitiveness reducecommercial investment risks. Document puldliemain, windspecific
manufacturing knowledge; include design codes and standards; identify
manufacturing knowledge gaps.

Action 3.2: Develop Transportation, Evaluaé tradeoffs between large component transport and-site manufacturing.
Construction and Installation Develop transportation best practices aaghational policy on interstate transport of
Solutions wind equipment.

Action 4.1: Improve Reliability and Optimize decision makinfgr maintenance to reduce turbine downtimes and increas
Increase Service Life energy generation.

Action 5.1: Encourage Sufficient Facilitae transmission expansion to enable transport and sharing of renewable

Transmission electricity and reliability responsibilities. Optiraizse of the existing transmission
systems so that powenandling capacity and energsansport capabilities are not
underutilized.

Action 5.2: Increase Flexible Develop electricity markets that value and encourage overall p@ystem fleibility

Resource Supply to aid in the integration of all energy sources. Conduefind integration study fothe
entire North American electricity network to examine opportunities and challenge:
associated with sharing energy services over very large regions. Proaetigglge in
design of electricity markets that recognize and equitably compensate all energy
reliability services.

Action 6.2: Develop Strategiesto  Form an expanded publtprivate fund pool for wildlifeesearch to reduce
Mitigate Siting and Environmental uncertainties of impacts from wind plant development. Expand development of

Impacts. wildlife-deterrent technologies to reduce harmful impacts on wildlife and reduce w
turbine curtailment.
Action 6.3: Develop Information Compik extensive available information on the public impacts of wind developmer

and Strategies to Migate the Local conducted by an authoritative body such as the National Academy of Sciences.

% Aty s]e]}vW E A E (E tlv W}A E Jv §Z dnedsy.goWsites/prod/files(2015103/f20/wv_full_report.pdf
97 X D} v ZX dpel2RUStatid Assessment and Update onWiad VisionZ} u % U _ E-BA2063026, October 2017,
nrel.gov/docs/fy180sti/69026.pdf
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Impact of Wind Deployment and
Operation

Action 7.1: Provide Information on Conduct &panded outreach on wind benefits, costs, and other impacts. Conduct

Wind Power Impacts and Benefits  proactive outreach to policymakers and educators to promote balanced, objective

information on wind energy costs, benefits, and other impacts, asagaditractive
career opportunities in wind power.

Action 8.1: Develop Comprehensive Expaml certified education and training programs aimed at wind careers at all leve
Pursue workforce diversity to exposeéna opportunities more broadly to minorities
and across the gender spectrum.

Training, Workforce, and
Educational Programs

Action 9.1: Refine and Apply Energ: Conduct ®mprehensive comparative evaluation of all sources of electricity.

Technology Cost and Benefit
Evaluation Methods

3.2.4 | R&D Opportunity Areas and Technologies

To identify and prioritize R&D opportugiareas and
technologies forwind power,analystselied on state and
federal government reports, industry reportand peer
reviewed research articleSeveral wind power experts
were interviewed to help develop a holistic perspective
on current and future wind deployment in {@arnia.
Interviews focused specifically on California and aspect:
of its wind industry that are unique and areas for
improvement. Interviewes addressedechnologcaland
non-technical factors of wind energgs well as provied
targets and metrics for wind deployment.

3.2.4.1 | Key Considerations

Expert interviews and literature review identified a
number of factors worth consideration when dealing
with assessment, investment, or construction of wind
generation in California. These aresae broadly
categorized into technical, financial, and regulatory

considerations, as discussed below.

Technical Considerations

X Investors are being drawn to other regions with higher capacity factors and greater development
opportunity. Capacity factors i€alifornia tend to be lower than in the rest of the country, especially

Figure3-17. WindExperts Interviewed

X

Clyde Loutan, Principal, Renewable Egerg
Integration, CAISO

Walt Musia) Offshore Wind Technolodyead,
National Renewable Energy Laboratory
Brian Naughton, Technical Projédanager,
Sandia National Laboratories

Joshua Paquette, Principle Member of the
Technical Staff in Wind Energy Technologies,
Sandia National Laboratories

Nancy Rader, Executive DirectGalifornia
Wind Energy AssociatioR&IWEA)

Mike Robinson, Deputy Dictor,

National Wind Technology Centatrthe
National Renewable Energy Laboratory
Mark Rothleder, Vice President lfarket
Quality and Renewable Integratip@AISO
Robert ThresheiiResearch Fellow

National Renewable Energy Laboratory
Jim Walker, &Founder, American Wind
Wildlife Institute and st senior execixe of
several wind companies

Ryan Wiser, Group Leader, Lawrence Berkele
National Laboratory

the Plains states. The combination of older technologies and a limited number of permittetdased
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resource areas through state policies has also limited wind development opportunities.
x California has a unique opportunity toepower old turbinesto increase production from existing

wind sites.Repowering turbines involves installingw turbines on top of existing tower structures or
completely replacing existing turbines and bases with new technologies. This opportunity area is
currently receiving attention in California and was encouraged by multiple experts as an important
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consideation in California. The state has some of the oldest turbines and can become a leader and
expert in repowering and osite manufacturing techniques.
California could establish a robust offshore wind econon@ffshore wind installations lack a mature
suppating supply chain, such as vessels for laying power lines and erecting turbines. There is also a lac
of manufacturing plants for the large offshore turbines in the Pacific and around the v@alfiornia
couldcreate accessible demonstration areas ameest in the infrastructures, vessels, manufacturing
facilities, and workers necessary to support an offshore wind industryEd$t€oast and other parts of
the world has seen substantigterest from developers, and California can become a leader en th
West Coast.

0](}EV] Vv }u § 8§ (JE (0} 8]vP }((*Z}E AJv «]v up Z }(
resource requires floating turbineBecause of the generally deep water off the coast of California,
most of the offshore wind resource can be assed only with floating turbines. As an emerging
technology, California has an opportunity to become a host for floating offshore wind companies. There
is also an opportunity to become a hub for international investment in floating technologies, as no
country has taken the lead in this area. U.S. port infrastructure would be needed to handle offshore and
floating offshore installations to comply with the Jones Act.
Wind assessmenstudies can point to new areas, both onshore and offshore, that are attraetifor
future development.California can invest in assessment studies on higher wind resources and offshore
resources to further refine deployment timelines and cost estimates.
Larger turbines can be dispatched as individual, controllable grid asdeggjer wind turbines have
enough to capacity to be dispatched as independent assets on the grid. Theopked approach to
multiple turbines is no longer necessary. Individual turbine control will allow for more grid flexibility.

Financial Considerations

X

Wind turbines can add value through ancillary servicdhanks to their inertial rotors, wind turbines

can provide ancillary services such as spinning reserves. Some wind turbines can also provide frequenc
regulation by controlling how the power from indiwal turbines is added to the grid. Accounting for

these additional services for wind can make it a more attractive option when compared to other
renewables in California.

Regulatory Considerations

X

There is limited and difficult terrain available for new turbine installations in the statdost of
o](}E&V] [« <+S -w-accegds wind resources are filled, as much California wind infrastructure
is longstanding and the state does not have d@uadance of great wind resource areas. Preventing
some further installations is the Desert Protection Act, which keeps several remaining wind resource
areas off the table for new developments. The remaining wind resource areas in the state are on
complex ad difficult terrain, which presents installation challenges and increases capital costs.
Installation of offshore wind would involve firsbf-its-kind installations that have social and
environmental impactsSiting wind turbines offshore will have impaain local wildlife that are not
well understood. Other concerns include visual obstruction of the ocean, which will affect the public.
The military also has concerns about offshore structures that affect radar systems.
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x Wildlife issues have blocked wind @tallations in the past and will continue to limit and delay new
onshore and offshore projects/ildlife detection and deterrence will remain an important issue,
especially for sites that are not currently developed. Offshore wind will have to worry about
underwater considerations as well. Smart curtailment is one way to respond when wildlife is detected.

x Importing power from lowercost regionsmnay be the lowestcost wayto increase A]v [+ }VSE] us]}
S} S§Z 5 S [+« o St ifsCStrategyrelducesthe share of power obtainedocally.
Neighboring states can provide wind resources with higher capacity factors and lower costs than wind
power generated in California. However, importing power from outside the CAISO has its own
challenges. Addiinally, there are ongoing discussions about whether CCAs should be able to purchase
power from wind farms outside the ISO.

3.2.4.2 | R&D Opportunity Areas

The R&D opportunity areas frable3-23 A %o v Clv 8§z} ] vs8](] Jv sz v EGPC }
2018t2020 Triennial Investment Plan and are based on an extensive literature review and conversations
with experts.

Table3-23. WindTechnology Research & Development Opportunity Areas

ID Opportunity Areas Description
O.W.1  *Aging Wind Turbine$ Technologies and retrofits that support continued use of older wind turbines.
Oo.w.2 Blade Improvements Materials, installationsgnanufacturing, and design improvements to blades that

can increase their power output.

O.W.3  Distributed Wind Systems  Small and lowheight wind turbines that produce smaller amounts of energy but
allow for lowerspeed wind collection.

O.W.4  ElectricalSystems Systems that support the flow of electricity from individual wind turbines to
substations and the grid.

O.W.5  Environmental and Social = Processes and technologies that minimize sound, wildlife, and other environm:e

Improvementst impacts.
O.W.6  Floating Wind Turbines Offshore wind turbines that float on a stable base that is mooreth&oseafloor
Oo.W.7 Forecasting and Assessmer Technology that provides better quality data and models to forecast wind spee
O.W.8 *High-Elevation Wind Highertowers and other designs that allow current popular wind structures to
access higheelevation wind.
O.W.9  Manufacturing Any process or technology that lowers the cost of manufacturing.
O.W.10 Non-Traditional Wind Innovative and revisitedesigns for wind generation technologies.
Energy Designs
O.W.11 Other Monitoring and Monitoring and measurement technologies that deliver higher quality data.
Measurement Technologies
O.W.12 *Offshore Wind Nonfloating wind turbines and related technologies.
O.W.13 *RealTime Monitoring Monitoring systems that report data at short intervals, allowing for adjustment ¢
System$ control of systems to improve power output.
O.W.14 Testing Methods and Test beds, wind tunnels, and other advanced testing stmgd that can help lower
Facilities costs and raise generation through comprehensive testing before a design goe
market.

O.W.15 Tower and Structure Design Materials or design improvements to the tower that holds the blades or the
substructure that supports botthe tower and upper section.

O.W.16 Transportation and Technologies and processes that lower costs and installation time.
Assembly

O.W.17 Turbine and Nacelle Technologies that improve the generation or lower the cost of the turbine and
Improvements nacelle of traditional wind structures.

O.W.18 Turbine and System Control Processes and technologies that increase wind generation by optimizing energ
capture while minimizing maintenance requirements.
Several research areas overlap with BRV@stment interests. Those overlaps are given the following identifiers:
* Mentioned in EPIC Investment Plan: Previous and Planned EPIC Investments on Wind Technologies
2 Relevant to Initiative 4.2.1 Advanced manufacturing and installation approachilir-stale lanebased wind components
3 Relevant to Initiative 4.2.2 Reiahe monitoring systems for wind
4 Relevant to Initiative 7.3.1 Find environmental and land use solutions to facilitate the transition to a decarbonizaiteegstem
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3.2.4.3 | Emerging and Breakthrough Technologies
The emerging and breakthrough technologieJ able3-24 represent more targeted opportunities for Energy Corssioninvestment and fall
within the aforementioned R&D opportunity areas.

Onshore Wind

W.1

Airborne Wind Power
Systems

W.2 High Towers

W.3 Land Wind
Transportation

W.4 Onsite Assembly

W.5 Retrofitting Existing
Turbine Sructures

W.6 ShroudedHorizontal
Axis Turbines

W.7 Turbines forLower-
Wind-Seed Stes

Offshore Wind

W.8 Alternative
Underwater Pile
Driving Operations

W.9 FloatingInstallations

Table3-24. Emerging and Breakthrough Technology Matrix

Parallel Research

Topic

R&D Opportunity Areas

Potential Impact

Innovative System Distributed Wind Systems; Wind turbines with no fixed tower base that typically float with an inflatable a

Development

Legacy System
Improvement

Supply Chain

Supply Chain

Legacy System
Improvement

Legacy System
Improvement

Legacy System
Improvement

Supply Chain

Innovative System Floating Wind Turbines

Development
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Non-Traditional Wind
Energy Designs

HighElevation Wind; Towet

and Structure Design
Transportation and
Assembly
Transportation and

Assembly

Aging Wind Turbines

NonTraditional Wind
Energy Designs

Distributed Wind Systems;

Turbine and Nacelle
Improvements

Environmental and Social
Improvements; Offshore

Wind

casing.The project ould enablewind turbines located in areas where land
based and offshore locations do not support the tower base.

Higher structural towers to unlock the 14feter-and-above windresources on
land in the United States.

Reducing travel time and complications with-lamd transportationto decrease
installation costs. In addition, advanced transportation haspgb&ential to
enable the use of largerapacity odland turbines.

Advanced onsite assemily increase the modularity of parts for transportatior
and enable the use of larger turbines for land applications.

Aging turbine structures that can be retrofitted reduce total new installation
cost by reusing the tower structuréherebyimproving performance with wo-
date turbines.

Turbine designs that featuran external tube structure. These turbines are
meant to increase power production for lewind speed applications.

Different turbine designghat enable more distributed wind capture at lower
wind sites which can increase total wind power generation and potentially all
consumers to install their own systems.

New methods for pile drivingp address nise reduction techniques and initial
installation costswhichare some of the largest upfront costs for offshore
installations.Advanced techniquesan lower these costs while improving
environmental externalities.

Advancements totte base of wind turbines that are floating in water tenable
long system life without continued maintenance.



W.11

W.12

W.13

W.14

Floating Lidar

Ice Prevention Systems

Offshore HighVoltage
Inter-Array Cables

Substructure Design
for Offshore Wind

Time-SavingAssembly
and Installation of
Offshore Wind

Parallel Research

Topic

Information
Technology

Operations and
Maintenance
Improvement

Legacy System
Improvement

Legacy System
Improvement

Supply Chain

CrossCutting t Information Technology

W.15

W.16

W.17

W.18

W.19

AdvancedSmulation
and System Design
Tools

AerodynamicDevices
alongBlade

Control Systems

Flow Control on Grids

Forecasting ofSte-
Fecific Wind
Resources

Information
Technology

Information
Technology
Information

Technology

Information
Technology

Information
Technology
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R&D Opportunity Areas

Offshore Wind; Floating
Offshore Wind; Realime
Monitoring Systems; Other
Monitoring and
Measurement Systems;
Forecasting

Blade Improvements;
Environmental and Social
ImprovementsOffshore
Wind

Electrical Systems; Offshor
Wind; Floating Offshore
Wind

Offshore Wind

Offshore Wind;
Transportation and
Assembly

Forecasting and
Assessment

Blade ImprovementfReat
Time Monitoring Systems

Turbine and System @tol

ElectricalSystems; Real
Time Monitoring Systems

Forecasting and
Assessment

Potential Impact

Floating lidato allow offshore wind and flating offshore wind systems to
monitor wind speeds at a number of different heighehablingprediction of
performance of existing structures and resource assessment and forecasting
undeveloped areas.

Advanced systent® preventice accumulatiorthat can slow or stop operation
of turbines especially offshore turbinesSuch systemsan keep wind turbines
operational and raise capacity factors.

Deployment of highewoltage interarray cableso lower material costs and
improve efftiency of power transportation. This will improve cost, performant
and ease of integration.

Selecting an optimal design for the substructure design of offshore wind
resources Results could hawe significant impact on initial project comsbd
affect longterm performance.

Reduedtime of assembly and installatido decrease upfront costémproving
the payback period for offshore systems.

Amultitude of assessment and forecasting tools that can optimize substation
placement, analyze aeroelastic properties, enhance O&M data analytics, anc
perform many other tasks.

Sensors located on blades that provide reale data. These sensors are
aerodynami¢so they do not affect blade speedt power production.

Control systemshat allow wind towers to capture more wind resources.
Advanced systems work to optimize many aspects of the systeah as
management of aerodynamic and mechanical loads.

Controllingpower flow on the gridto allow wind turbines to provide more
resiliene services and smooth their power outflow. These systems make win
energy more desirable for the grid.

More accurate assessment of wind resources for optimal placement of wind
*SEY SUE X /U E}IA (}E <SJvP Jv E =+ « Alv |
system.



Parallel Research

R&D Opportunity Areas Potential Impact

Topic
W.20 PitchControl Information Turbine and System Contrc Optimal pitchcontrol strategieghat increase energy capture and improve
Technology control of blade and drivetrain loads
W.21 NextGenerationlidar Information Other Monitoring and Improved understanding of wind conditions at the turbine to improve operatic
Technology Measurement Systems; and optimize wind generation.
ReaiTime Monitoring
Systems
W.22 Radarinterference Information Offshore Wind DISIP 3]1}v }( }((*Z}E inferferdéncniltvradar in shipping areas ¢
Mitigation Technology sensitive military zones. This interference prevents installation, so mitigation
open potential sites.
W.23 Test Facilities Information Testing Methods and Rigorous testing of all winglystem components to identify potential issues anc
Technology Facilities optimize operation before installation.

CrossCutting t System Improvement

W.24 Advanced MultiSage Legacy System Turbine and Nacelle Improvements toconventionalwind turbinedesignto lower the weight and cost.
Ceared Approaches Improvement Improvements
W.25 AeroelasticTechniques Legacy System Blade Improvements Mitigation of high dynamic loadintp improve wind system efficiencigoth
to Shed Load Improvement active and passive loalleviation technologieare included
W.26 DirectDrive Systems Legacy System Electrical Systems; Turbine Direct drive systemthat rely on permanent magnet generators (PMGSs) to
Improvement and Nacelle Improvements operate. These systems currently exasid are more efficient at lower weights

than traditional gear box designs. The « 5§ lofwer weight and complexity can
reducecosts, especially for highenegawattturbines. The gearboxree design
lowersthe chance of breakdown later in the turbine lifEhese systemsan be
difficult to install which lowers their ease of integration.

W.27 Downwind Rotor Innovative System Non-Traditional Wind Revisitingdownwind turbines with modern techniqgue$hese systendo not
Turbines Development Energy Designs require a yaw mechanismwhich could theoretically lower costSheidea was
tested when wind tubines were first being deployed; applying moretopdate
knowledgecould result in more efficient systems.

W.28 FlexibleBlades Legacy System Blade Improvements Using materials that allow blades to be more flexjlidichhas shown potential
Improvement to increasesystemefficiency
W.29 High-Temperature Innovative System Electrical Systems; Turbine Lowweight, zeroresistivitysuperconducting generatorthat can pave the way
Superconducting (HTS) Development andNacelle Improvements for larger offshore directrive systems.
Generators
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Parallel Research

Topic

R&D Opportunity Areas

Potential Impact

W.30 Medium-Speed Legacy System HighElevation Wind Hybrid ystems that typically use multiple gears but a larger initial magnetic
Systems Improvement Turbine and Nacelle system. These systems enable largapacity generation butsea fraction of
Improvements the rareearth metals as standard generatowghich lowers cost of production.
W.31 Permanent Magnet Legacy System Electrical SystemJurbine  Essential components for enabling medium and didréve systems that allow
Geneators (PMGs) Improvement and Nacelle Improvements for largermegawatt systems.
W.32 Power Converters Legacy System Electrical Systems Methods to lower power converter weight. This component is typically locate
Improvement the turbine, so lowering its weight decreases installation time and costs.
W.33 Reducing Nacelle Mass Legacy System Offshore Wind; Floating Methods to lower the mass of the nacelle, which would reduce material and
Improvement Offshore Wind; Turbine and transportation costs. These factors directly affect the cost, performance, and
Nacelle Improvements; ease ofmtegration of the wind turbine. In addition, taller towers may not be at
HighElevation Wind to support, or have cranes that can install, nacelles that are too heavy.
Transportation and
Assembly
W.34 SiliconCarbide for Legacy System Electrical Systems Usingsilicon carbine in power conversion electronics to eliminate the need fo
Power Conversion Improvement complex liquid cooling systems that increase installation and operating costs
Hectronics
W.35 Wind Turbine Noise Legacy System Environmental and Social Methods to address noise issues with wind turbines that prevent siting in sor
Reduction Improvement Improvements locations and negatively affect the public. Lowering noise can improve the pt

standing of wind resources and open new development sites.
CrossCutting t Operations andMaintenance

W.36 BladeRepair Solutions  Operations and

Maintenance

Aging Wind Turbines Advanced UV systems and other innovatitmseduce repair time and allow for

easier inplace blade repair. Reducing maours and preventing blade

Improvement replacenent will lower longterm O&M costs and allow turbines to operate
longer.
W.37 Coatings forCorrosion  Operations and Blade Improvements Coatings that reduce leadirgfge corrosiorio reduce future O&M needs, whict
and BEosion Maintenance lowerscost of operation.
Improvement
W.38 Laminatelayouts Operations and Blade Improvements Improved laminate layoutt increase efficiency.
Maintenance
Improvement
W.39 Nondestructive Operations and Blade Improvements Drones and virtual reality assisted assessment tools to eliminate the need to

Maintenance
Improvement

Inspection of Blades send people up wind towers. This will improve the overall safétpsiallation

and maintenance.
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Parallel Research

R&D Opportunity Areas Potential Impact

Topic
W.40 ProtectingTurbines Operations and Environmental and Social Offshore and odand turbine systems that can survive a weather event. In are
againstExtreme Maintenance ImprovementsOffshore where extreme weather events are likely, failure fe@revent systems from
Events Improvement Wind; Floating Offshore being sited, so resilient systems are essential for deployment in certain area:
Wind; Turbine and Nacelle
Improvements

CrossCutting t Supply Chain

W.41 Alternatives toRare Supply Chain Environmental and Social Alternativesto rare earth metalaised in permaneninagnet synchronous

Earth Technologies Improvements;Turbine and generator(PMSGyvind turbines. Rare earth metaksre in high demandnd will
Nacellelmprovements increase in cost as deployments increaSiadingsubstitutes will allow for less
expensiveurbines with no material restrictions.

W.42  Automated Supply Chain Manufacturing Removing manual labdo lower costs and allow for more precision in
Component manufacturing. The lower initial costs will improve lifetime performance. The
Manufacturing enhancedprecision will make it easier to integrate parts as well.

W.43 ConcreteSructure Supply Chain Manufacturing; Tower and Changing the mix of concrete and metal in the tower structure of wind turbin
Fabrication Structure Design to decrease inst#htion time, improve structural stabilityand enable

construction of taller towers

W.44 Metal Component Supply Chain Manufacturing Improving the efficiency of metal component production to lower initial costs
Production and improve the payback period tife wind system.

W.45 New Materials for Supply Chain Blade Improvements New blade materials to reduce drag and increase efficiency of wind power
Blades production.

W.46  New Materials for Supply Chain Tower and Structure Desigl New lowerweighttower materials to decrease installation time and lower initii
Towers installation costs.

W.47 ReduceDependence Supply Chain Transportation and Methods to reduce use of heavy lift systems, which are expensive and time
on HeavyLift Systems Assembly consumingo operate. Reducing their use can decrease installation costs.
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4 | Non-Variable Renewable Energy
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Bioenergy

In 2017, gross bioenergy generationGalifornia totéed 6,565 GWh (not including production from publicly
ownedtreatment works). Since bioenergy requires energy inputs to generate power, the resulting net
generation in 2017 was 5,767 GWh, which accounted for roughly 2.8¥%stadte total power generation

and 9.5% of irstate renewable power generatioif In 2017, he 93 operating biomass planits California
had a total capacity of 1,309W.%°

Bioenergy is produced from two major pathways: direct combustion of biomass and combustion of biogas,
which is produced from digesterdsndfills, and municipal solid waste (MSW). Different types of gas are also
produced by putting waste through processes such as gasification and pyrolysis. Of the 5,767 GWh of net
generation in 2017, 3,595 GWh was from direct combustion (891 MW capacity®,172 GWh was from
biogas combustion (414 MW capacity).

Figure4-1. Bioenergy Generation in California from 2001 to 2017
Data fromenergy.ca.gov/almanac/renewables_data/biomass/

BATI{6 d}S 0o "CeS u o SE] 'v & S]}vU_  o](}EV] v EPC }uu]ee]}vU § e }( :pv TiU Tii6U
energy.ca.gov/almanac/electricity data/total system power.html

99 ~California Biomass and Waste-Energy Statistics and Data, o] (} E v} Commission, accessed Decembe2®18
energy.ca.gov/almanac/renewables_data/biomass/
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Figure4-1 shows how bioenergy generation in California has grown in gross generation (GWh). California
bioenergy production dates back before 1980, with the technology becoming an essential part of the
*§S§[«EVA 0o v EPCU]JE]vSEZ 03 i60isX EoC fpuMweirtoo vSe A
capacity, while later builds reached closer to 50 MThee has been growth in the number of landfill gas
and digester gas facilities in California, particularly in recent years. However, that growth has been
counteracted by a decrease in woody biomass facilities as their PPAs expire and are not réiesvied.

resulted in small fluctuations ifhé number ofgigawatthours produced from bioenergy since 1990.

DOE efforts in biomass conversion to energy focus on biofuels. DOE research and cost projections are
therefore focused on pricing comparisons to gasolind ail. International development of biomass-
electricity systems is more prolific because of different market structures and regulations in place globally.
The International Renewable Energy Agency (IRENA) estimated a range of LCOE in 2014 andgosigected
to 2025 for four biomasto-electricity systems: stokers, gasification;faong, and anaerobic digestion

(AD). These results are shown below.

Table4-1. International Biomass to Electricity Cost Pctins (IRENA)

2014 2014 2025 2025
(Low Range) (High Range) (Low Estimate) (High Estimate)
Stoker 6 cents/kWh 21 cents/kWh 5 cents/kWh 19 cents/kWh
Gasification 7 cents/kWh 23 cents/kWh 6 cents/kWh 20 cents/kWh
Anaerobic Digestion 6 cents/kWh 14 cents/kWh 5 cents/kWh 12 cents/kWh
CoFiring 4 cents/kWh 12 cents/kWh 4 cents/kWh 11 cents/kWh

AMUE W AZ v A o WIAGE'v E §]}v }e3e Jv TikedXora/MocEm¥ntDomnldEdS/Puibditations/IRENA RE_Power
Costs 2014 report.pdf

4.1.1 | Resource Availability

Bioenergy is produced from a variety of feedstoick€alifornia. The feedstocks can be grouped into three
overarching types: agricultural residue biomass, forest residue and thinnings, and municipal wastes. A list o
some of the biomass feedstocks used in California is givEahle4-2 below. The use of these biomass
resources typically provides a dual benefit: producing electricity and avoiding landfilling or other non
beneficial disposal of the feedstocks.

Table4-2. Types of Biomass Feedstocks Used in California

Agricultural Residue Biomass Forest Residues and Thinnings Municipal Wastes

x Orchard and Vineyard Crops = x Forest Thinnings and Slash x Biomass (organidjraction of

x Field and Seed Crops x Shrubland Treatment Biomas: Municipal Solid Waste (MSW)
x Vegetable Crops (Chaparral) X Source Separated Food Waste
x Food Processingesidues x Mill Residues x Biosolids from Wastewater
x Animal Manures Treatment Operations

x Landfill Gas

x Sewa@ Digester Gas

x Wood Component of Construction
and Demolition Debris

x Greenwaste

100 Bjomass Energy Production@alifornia: The Case folBiomass Policy Initiatd ~ E $]}v 0 Z v A o v EPC > }E §}ECU
nrel.gov/docs/fy010sti/28805.pdf
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Biomass electricity in California is produced by combusting or decomposing the above materials as
illustrated inFigure4-2. The electricity generation potential for biomass is tied to the available waste

streams and their quantity. Given the large variety of landscapes and agricultural activities in California,
along withtheesS S [« 0 EP %0}%opo S]}v v vpu E}pe o EP pE v E U Sz
potential from biomass is extremely high.

Figure4-2. Biomasgo-Electricity Pathways
SourceCalifornia Energy Commissi(@nergy.ca.gov/biomass/index.htinl

Table4-3 contains estimates dfiiomassesourcepotentialin California It should be noted that the

potentials are divided between gross and technically available biomass respdifteences may be due

to agronomic and ecological requirements, environmental requirements, limitations kectioih due to
topography and locations, ine€fencies in biomass collection and handliagdother constraints. These
conditions limithow much of the®yross_biomass resources v }oo § U ¢ ]Jv] 8§ v ~§ Z
resource availabilityThe tednical resource potential includes biomass materials currently used in existing
bioenergy, feed, mulch, compost, bedding, and other markets.

Table4-3. Resources and Generation Potentials from Biomass irofadif

Resource Availability Electrical Capacity Electrical Energy
(Million BDTly) (MWe) (TWh)
Category Gross Technical Gross Technical Gross Technical
Agriculture 25 12.1 2,360 990 15 7.4
Forestry 27 14.3 3,580 1,910 27 14.2
MSW 26 9.0 3,957 1,749 29 13
Total 788?)"#;;2” 3583/'T"}';r” 9,897 MWe 4,650 MWe 71 TWh 35 TWh

Source An Assessment of Biomass Resources in California, California Biomass Collaborative, Ma@BEQCEE500-11-020).
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California currently uses five millidoone-dry tons (BDT) of woody biomass a y&aiMost of this biomass
is not provided by the forest but instead comes from agricultural residues, urban wood waste, and sawmill
residues.

The current number of large wildfires
in California requires economicaihd
climate-sensitive ways to lower the
risk of starting new wildfires. One of
the largest causes of new wildfires is
the number of dead trees that are
part of the tree mortality crisis. Many
new technologies could benefit from
reducing wildfire risk andsing
downed and dead trees. It is
estimated that 129 million trees have

1 Iv o](JE&vV] [+ (JE S~ He  }(
climate change, drought, bark beetle
infestation, and high tree densities,
among other factors. The tree
resource alone could provide an
additional three million BDT a year.
Woody biomass use for bioenergy
presents a way to address renewable
and clean energy goals while
mitigating wildfire risks.

However, it is not currently

economical to collect woody biomass Figure4-3. Woody Biomass Utilizationfrastructure

. . The University of California Cooperative Extension maintains a databas
from forests without a subsidy or operating and idled woody biomass processing, gasification, and
valueadded bypraluct such as saw combustion facilities. This data is presented graphically in the image ab
logs. Transportation costs typically The website also contagrinformation on national forest biomass flow witt
an equally impressive accompanying image. These materials provide

make forestsourced biomass the context to the state of woody biomass collection and use in California.

most expensive woody feedstock. Available at
About half of collectable woody ucanr.edu/sites/WoodyBiomass/Technical Assistance/California
. . . Biomass Power_Plants/
biomass is typically left on the forest
floor or piled and burned onsite at
forest operations. Collectioand transportation to centralized facilities remains a problem for all types of
biomass.

1017 %Z v < ((I § oXU ™ ]Jluee v EPC ]Jv O0J(}EV] [* &GUSPE W EE] E+U R&% }ESuv]S] U
December 2013)iomass.ucdavis.edu/wpontent/uploads/Tasis-FINAEDRAFTL 2-2013. pdf
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While woody and forestry resources experience problems with collection and transportation, MSW
facilities, wastewater treatment plant (WWTP) facilities, and agricaltproducers can experience issues
with grid interconnection. Many of these facilities do not produce enough power to require export to the
grid. In cases where generation is high enough to export to the grid, a lack of appropriate grid equipment
can restict integration, especially for smalleapacity installations (<3 MW). To aid in bioenergy use,
guaranteed purchasers operating with PPAs are useful.

MSW and WWTP plants do have an alternative for their renewable natural gas, landfill gas, and biogas in
the form of pipeline injection. By combining a lowsrality gas resource with traditional natural gas, these
facilities can receive revenue strictly for biogas production without worrying about local electricity
generation. Pipeline injection does requizapital investment to install the piping and injection facilities,
which can limit deployment at smallscale facilities.

The availability of the biomass resources specifically for bioenergy applications is further dependent on
economic factors, conversiaechnology, permitting/regulatory compliance costs, and competition with
other end uses and markets. However, if all these obstacles were overcome and the entire biomass
technical resource was captured, 35 TWh could provide roughly 17% of the totalaegroduced in

state (206 TWh) in 2017 and would be a 500% increase over 2017 biomass generatiof?evels.

4.1.1.1 | SmaltScale Bioenergy SBL22

Smaliscale California bioenergy sector development has been enhanced by the passage of Senate Bill
(SB)1122 in2012. This legislation directed the three major I&8k® procure at least 250 MW of small
scale biomasslerived electricity (3 MW or smaller) from three basic categories of urban, agriculture, and
forest. Landfill gas conversion to electricity is not aqedeby SB 1122.

SB 1122 directed the CPUC to conduct proceedings for the procurerhemallscale bioenergy power

As part of the proceeding, a study was prepared that contained the electrical generation potential for
smaltscale bioenergy in Californidable4-4 below lists the potential generation per the BioMAT

categories. From a resource perspective, the estimates indicate that there is roughly four times more
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Table4-4. SmaliScale Bioenergy Systems Potential by Category and Utility

Category 1t Category 2t Category 3t Total SB 1122
Utility Urban Agriculture Forest Potential Targets
(MW) (MW) (MW) (MW) (MW)
Pacific Gas & Electric 109

Southern California Edison 118

San Diego Gas & Electric

Total Potential 250

SB 1122 Targets
NMUE W N E (S }vepos -Béalg Blagn@ gVRResaurosoPotential, Costs, andiReratiff Implementation

ee ooy VEX_ WE % & ¢C ol "s 827z (}J& §z 0](}E&v] Wupu o] hsJo]8] » }luu]ee]}v.
ftp2.cpuc.ca.gov/PG&E20150130ResponseToA1312012Ruling/2013/04/SB_GT&S 0874313.pdf
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SB 1122 and the BioMAT program. The LCOE of the new systems to be built exceeds that of other sources
of renewable power. Nonetheless, the purpodeSi8 1122 is to incentivize this higherced power with

higher electricity prices to be obtained from the utilities. As of December 2018, BioMAT PPAs can garner
$127.72/MWh for Category 1, $187.72/MWh for Category 2, and $199.72/MWh for Catedtry

4.1.2 | Tecmology Overview

4.1.2.1 | Combustion Technology Trends and Performance Attributes

Biomass electricity is commonly generated using direct combustion methods. These processes are
renewable because their feedstocks can be continuously generated at short time scalelmdees in
Californiabuilt numerous biomasfired power plants in forested regioris Northern California. Ae
predominant biomass utilizatioaf these 1980s era plants waspooducebiomass poweto generate both
heat and electricity

However, biomasslectricity generation still generates GHG emissitias affect the environment and

human health, such as ash, solid particles (e.g., PM10) and condensable compounds, and compounds in th
gaseous phase (e.g., £Q0, NQ and SQ. The lifecycle GHG emigns of biomass are typically

considered to be close to zero because the emissions are offset by avoidifdgeneficial enduses and

during growth of the biomass (e.g., trees that end up as forestry residtekerSoilers and fluidized bed
boilersarethe primary combustion technologies in use in California today.

Many of the firstgeneration biomass power plants developed in Califousi@stoker boilers. Known for
their fairly simple design (many were converted coal furnaces) and long history of aorahtkeployment,
these boilers are designed to combust biomass fuel as it rests on a grate. Stokers are knibwin father
simple operations, relatively low O&M cosnd low parasitic power load.

As more types of economical wood waste (e.gricadtural byproducts such as nut shelhnd pits) became
available and contained a broader array of matectadracteristics (e.g., moisture content, high heat value,
chemical makeupandsmaller particles), combustion engineers begapldging fluidized bed hiters. The
boilersusean inert medium (sand) that is heated and suspended so that biomass combustion is conducted
in suspensionensuring more complete combustiomhe two types of tlidized bed are bubbling and
circulating.

Table4-5. Characteristics of a Typical Biomass Power Plant in California

Attribute Typical California Biomass Power Plant

Electricity Generation Method Combustion/steam turbine
Technology Type Grate stoker

Capacity 20 MW
Construction Cost $601t$80 million
Material Processed 160,000t200,000 tons per year

104pG&E BioMAT Paripiant Platform. pgebiomat.accionpower.com/biomat/home.asp
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Biomass Transportation Distance Up to 50 miles

Value of Delivered Biomass $151t$60 per BDT
Average Electricity Production Cost $0.07t$0.10 per kWh
2010 California PPRrices $0.11 per kWh or higher

AMUE W ' E §Z X D CZ X A]}lu e+ 3} o SE]]ISCX_ hv]A E-]3C }( o](}E2000) PE] posucE
ucanr.edu/sites/WoodyBimass/files/78993.pdf

Cofiring biomass in a coddurning power plant is a nedaerm, low-cost option for efficiently and cleanly
converting biomass to electricity by adding biomass as a partial substitute fuel heffigency coal
boilers. However, tare are no longer any celurning power plants in California, nor are any ever
expected to operate in the state again, so this option is no longer viable in California.

4.1.2.2 | Gasification Energy Overview

Gasification systems generate electricity througdmsformation of biomass into a synthesis gas, also
known as syngas. This syngas is then combusted in an internal combustion engine generator set.
Gasification is the thermochemical conversion of cadsontaining biomass, such as woody biomass, into a
syngas under controlled temperature and oxygen conditions. It is difficult to obtaindughty syngas

using current gasification technologies. These processes currently result in a producer gas with more
contaminants than syngas because the technologgsair as a process medium instead of steam or
oxygen.

Table4-6. Size and Generation Capacity of Combustion and Gasification Plants in California

CurrentGeneration CurrentGeneration Next-Generation Therme
Biomass Combustion Integrated Chemical Conversion
Power Plant Gasification/Combustion Power Plant
Power Plant

Plant SizBDT/day) | 450 | 450 | 450

Electricity Conversion (kWh/BDT)| 1000 | 1200 | 1400

Total Electricity(MWh/day) | 450 | 540 | 630

Average Net Energgfficiency | 20% | 22% | 28%

Source: Marc Carrera8}+*% @& S O0X N ee eou v3 }( §Z u]ee]}ve v Vv EPC /u% S }( J}u e« v ]}P »
Resources Board. February 27, 20drb.ca.gov/research/apr/past/1-B07.pdf

Syngas is composed of hydrogen)(ldarbon dioxideqQ), methane(CH), and carbon monoxide (CO) and
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information on different syngas compositions that were obtained from different starting raw materials.
Gasification also produces a biochar byproduct, which can be used as a fertilizer and soil amendment and
serves as a carbon sequesioat medium.

Table4-7. Syngas Composition Obtained from Gasification of Different Raw Materials

Feedstock Hz (mol %) CO (mol %) CH (mol %) CQ (mol %) HHV (MJ/n3)
Coal | 25130 | 30t60 | 0t5 | 5t15 | 7115
Petcoke | 22130 | 39148 | otl | 18134 | 8111
Biomass | 5t16 | 10122 | 1t6 | 8120 | 4t7
MSW | 8123 | 22124 | 0t3 | 6115 | 3t7

Source: Juan Camilo Solaftero etal.® A oy $]}v }( J}P « v «CvP ¢« « v EPC A S}E- (JE Z § v %}A E F
J}u e« « E A u Ele@dniz dournal @iotechnologyVol. 33, May 2018: 582.
sciencedirect.com/science/article/pii/S0717345818300101
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Modular gasification technologies are also being developed and extsinasiunity-scale biomas$o-
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and theyhelp maintain critical operations and services during grid outages. Currently, there are four
community-scalefacilities in earlystage development in California. Biomass gasification technologies
reducecarbon dioxide equivaleCQe) emissions by 3®compared to biomass combustion technology.

4.1.2.3 | Pyrolysis

Pyrolysis uses the same processes as gasification buategdan a temperature range of 300f€D0°C.

Unlike gasification, pyrolysis involves heating biomass material in the absence of air. The result is a liquid
bio-oil, as well as a syngas and solid char material. All three phase elements produced by tlis pance

be used for energy; however, the badl, which is similar to crude oil, must be processed to remove
contaminates such as acids before it can be used as fuel.

Pyrolysis is typically performed either quickly or over longer time periods (houi@y®) in processes

known as fast pyrolysis and slow pyrolysis, respectively. The slow pyrolysis process results in more solid
material and takes place at lower temperatures (~300°C). This process has been used in various forms for
thousands of years. Fagyrolysis takes place over a matter of seconds and at higher temperatures
(~500°C), with the resulting stream containing much more liquiebBio~-65% of product stream).

4.1.2.4 | Anaerobic Digestion

The biological decomposition of solid biomass into a gaseous i®completed by several different
technologies and processes. Unlike gasification, these processes occur naturally but are centralized and
driven by technologies and processes to increase efficiency, which raises the amount of energy captured
from biomas feedstocks. Currently, anaerobic digesters are the primary way to generate biogas from
organic waste in California. Waste inputs to anaerobic digesters include food wastes, WWTP sludges, dairy
waste, and other organics.

There are three primartypesof anaerobic digestersovered lagoon digesters, complete mixed digesters,
or plug flow digestersAD systems are often characterized as wet and dry technologies. Wet AD systems
are designed for higimoisture-content feedstock types and typically include ecad lagoon and complete
mix digesters. Dry AD systems are designed for relativelyrowture-content feedstock (e.gyard waste)
and are typically plug flow digesters.

The U.S. Environmental Protection Agency maintains a database of livestock Adlspnojee United

States. The website currently lists 20 operational livestock AD projects in California, all of which operate
with dairy cows. Of those, 14 provide their annual electricity production numbers. They are summarized in
Tabled-7. AQSTAR estimates that a typicaifarm anaerobic digester costs between $400,000 and
$5,000,000, depending on the size of operation, with an average cost of $1.2 fffflion.

s~ v E} ] 1P EZpl&imdgJEnergy Efficiency & Alternativescessed December 6, 20€8a4u.info/energytechnologies/anaerobic
digesters/economics/
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Table4-7. List of Livestock Anaerobic Digesters in California with Reported Electricity Generation

Digester Type | Year Number of Biogas Electricity
Operational Dairy Cows Generation Generation
(ft3/day) (MWh/yr)
Bakersfield Covered 2013 15,500 600,000 16,206 Electricity
Lagoon
Bakersfield Covered 2013 1,700 50,000 4,205 Electricity
Lagoon
Bakersfield Covered 2018 9,700 270,000 7,600 Cogeneration;
Lagoon Refrigeration
Bakersfield Covered 2018 7,000 360,000 6,700 Electricity;
Lagoon Compressed
Natural Gs
Buttonwillow Covered 2018 7,000 n/a 7,600 Electricity
Lagoon
Galt Complete Mix 2013 1,700 90,000 1,830 Electricity
Galt Covered 2013 1,810 n/a 2,190 Cogeneration
Lagoon
Hanford Covered 2016 14,500 n/a 7,600  Electricity
Lagoon
Lindsay Covered 2004 1,500 n/a 5,072 | Electricity;
Lagoon Compressed
Natural Gs
Lodi Covered 2004 3,213 89,148 2,233 | Electricity
Lagoon
Madera Covered 2017 4,800 n/a 4,800 Electricity
Lagoon
Marshall Covered 2004 417 14,832 346 = Cogeneration
Lagoon
Modesto Complete Mix 2009 2,513 165,000 3,324  Cogeneration
Riverdale Covered 2016 4,000 n/a 6,400 Electricity
Lagoon
ANMUE W A>]A S} v E} ] ]P <8 @.S. EnvirenXentaPPrate@tion Agency. Accessed December 6, 2018.

epa.gov/agstar/livestoclanaerobiedigesterdatabase

Wastewater Treatment Plants/Publicly Owned Treatmewlorks
WWTPs, also referred to asigicly owned treatment works (POTWseperate some of the largest

anaerobic digesters in the state. There are roughly 150 PQfiaVatilize AD as an inherent component of
their treatment process. Biogas produced at POT3sughly 60% methane and 40% carbon dioxide.

These digesters can handle more material than yusat is available from wastewater inputsood waste,

much of which is currently discarded in landfills, is a {@ghrgy organic feedstock that can be-digested

in an AD facilityA 10% volumetric increase in food waste can double the biogas produced. This increase in
biopower can lead to the export of electricity, storage of electricity fosstta use during periods of peak
demand, use as a power soura® tlectric vehicles under the lewarbon fuel standard, or direct esite

use.
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4.1.2.5 | Biogas, Landfill Gas, and Producer Gas Combustion
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methane (Ck) andcarbon dioxide (C£ with very small amounts of water vapors and other gases. The
carbon dioxide and other gases can be removed from this mixture, resulting in only methane, which is the
primary component of natural gas. Another product with similar conitpmsis landfill gas, which is

produced by the degradation of organic compounds that were disposed of in landfills. The collection of
landfill gas requires covers and other diversion methods at the landfill since their emission is spread out. All
these gaescan be used to produce renewable electricity thrbugternal combustion engines,

microturbines, traditional gas turbines, or fuel cells. Many electricity generators are not designed to be
used with producer gas, biogas, and landfill gas. Thesderived gases can be combined with natural gas

to raise the overall energy content for use in gas turbines or require the use of specially tuned equipment
and contaminant removal, such as sulfur, before combustion.

4.1.2.6 | Cost Considerations

The contract prie for largescale woody biomass facilities in California currently ranges from $80/MWh to
$120/MWh 1% Nearly all these facilities were built in the 1980s and 1990s and recPivilit Utility
Regulatory Policies Act of 19fBURPA) Standard Offer #4 contsadlost of those PPAs have expired, or
are about to, and these facilities are closing if they are unable to negotiate new PPAs with the utilities.
Some have been successful in negotiating new contracts within the range mentioned above.

The LCOE of lazgscale woody biomass facilities has also been estimated by the U.S. Energy Information
Administration!®’ Biomass LCOE is estimated at $95.30/MWh (2017 $/MWh) for new biomass generation
entering service in 2022. The LCOE for biomass generation enteringesar2014 (2017 $/MWh) is

estimated at $84.80/MWh. It should be noted that anecdotal information in the bioenergy industry
suggests that the LCOE for new woody biomass facilities may be more in the order of $140 to $150/MWh.

Feedstock costs for woody iass facilities are the biggest variable affecting the costs to produce
electricity. Woody biomass plants must pay for feedstock, and different types of feedstock sources have
variable prices. For example, foregiurced biomass can be $45 to $60+ per BiEreas agricultural and
urban feedstock can come in under $25 and $15 per BDT, respectively. Feedstock costs are important to
the bottom line; every $10 increase per BDT of feedstock effectively results in an increase of $10/MWh in
electricity generatiorcosts. Thus, feedstock at $60 per BDT adds $60 to the generation cost.

4.1.3 | Research Initiatives
The following is a brief overview of some of the ongoing R&D initiatives related to bioenergy. This summary
is not intended to be comprehensive.

106 A Ay -Beale Bioenergy Resource Potential, Costs, andiedd E ] (( /u% 0 u v8 S§]}v e eeu vSU_ % E % E C o |
Calfornia Public Utilities Commissio@ctober 2013.
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Administration, prepared March(.8.
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4.1.3.1 | EPIC Investment ltiatives
The Energy Commission EPIC 2@020 Triennial Investment Plan presents R&D priorities to increase
bioenergy use and capacity in CaliforA®This current effort is again focused on woody biomass
utilization to address the significant forest &enortality issue in California, as well as the significant
reduction in operations of previously constructed biomass plaitklitionally, reduced operations at
biomass power plants is affectimgricultural waste management, particularly in the Centialley.

Special emphasis is being placed on technologies and strategies that will reduce the LCOE, along with O&N
costs to bring bioenergy into cost parity with fossil fuels. The EPIC investment plan includes developing anc

demonstrating loweicost emission controls and lowecost, lowemission generation technologies, as

many AD biogas projects are smaller and do not have the economies of scale to use commercially available

emissions control systems. The EPIC 20080 Triennial Investment Plan describbe shortterm R&D
priorities to increase bioenergy in California by addressing key technical and market challenges.

Table4-8. Bioenergyt Summary 02018t2020 EPIC Triennial Investment Plan Initiatives

Initiative

Description/Goal

2018t2020 EPIC Triennial Investment Plan

Initiative 4.4.1 Tackling
Tar and Other Impurities:
Addressing the Achilles
Heel of Gasification

Initiative 4.4.2
Demonstrating Modular
Bioenergy Systems and
Feedstock Densifying and
Handling Strategies to
Improve Conversion of
AccessibilityChallenged
Forest Biomass Resource:

Initiative 4.4.3
Demonstrate Improved
Performance and Reduce
Air Pollution Emissions of
Biogas or LowQuality
Biogas Power Generation
Technologies

The bcusison research to help eliminate the
reliability risks obiomass gasification to
electricity systems due to problems caused &
tars and other impurities produced during the
gasification process. AdditiahR&D is also
being conducted on the disposal of wastes
that may be derived from the removal of tars
and impuities.

This demonstration initiativés togenerate
critical in-field data and address technologica
challenges needed for broader deployment
and commercialization of biomass-
electricity systems in the forestirban
interface. Challenges include integration of
multiple units, feedstock harithg and loading,
grid interconnection, produced gas quality
improvement, air/water emission and waste
management, and cproducts.

This initiative is to advance needed methods
and strategies to bring the abundant, yet mal
times accessibilitghallengedforest biomass
waste resources to the power generation
facilities in a more economic manner

The aim is toeduce the cost of pollution
controlsfor smallscale biogaso-electricity
systensand develop more costffective off
the-shelf, lowemission electricity generation
technologieghat use biogas. There is also a
need for new and/or improved technologies t
utilize lowquality biogas, such asgenerated
at landfills and wastewater treaient

facilities. More economic cleanup and

108 A §CE]
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adopted on April 27, 201, &nergy.ca.gov/research/epic/IEPIE1/.
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Potential Impact

Costeffectively solving the tar and other
impurity issues will assist in making biomass
gasification to electricity more reliable,
mitigating risks to downstream equipment
such as thénternal combustiorengine
generator set, and lowering costs lmbmass
gasification electricity systems.

The initiative @monstraesimprovements to
conversion efficiency, emissiorand
emissiors control, and mitigats solid and
liquid waste byproducts to safe envirmental
levels.

Such projects could lead to wider adoption o
smallscale biomass electricity facilities using
forest biomass that has been removed to
reduce catastrophic wildfires. Demonstration
projects involving feedstock transportation
cost reduction wuld provide better
economics for biopower projects.

Improved air quality would better meet
permitting requirements and lead to wider us
of biogas that is otherwise emitted or flared.
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Initiative Description/Goal Potential Impact

emissions controls are needed for these low
quality-biogas producing facilities.

Table4-9. Bioenergyt Summary oPre-2018 and PossiblEPIC Initiatives
Previous and Possible EPIC Investments

1. Advanced Pollution Control Equipment and EEmission Generators
a. Pollution Control and Power Generation for l-Quality Renewable Fuel Streams

b. GFQ15-325 t Group 2: TD&D: Demonstrate and Evaluate Environmentally and Economically Sustainable \
Biomassgo-Electricity Systems

2. Develop Modular Bioengy Systems for Foreirban Interface Areas
a. Modular Biomass Power Systems to Facilitate Forest Fuel Reduction Treatments
b. Reciprocating Reactor for LeBostand CarbonNegative Bioenergy
c. Cleaner Airt Cleaner Energy: Converting Forest Fire Management Wa€&-Demand Renewable Energy
d

GFQ15-325 t Group 1: AR&D: Efficient, Sustainable and Le@@st Bioenergy: Innovations to Improve Woody
Biomasgo-Electricity Systems

3. Develop Wastdo-Energy Bioenergy Systems
a. Robust, LowCost, Realime, NOx Sensor for @mization of Dispatchable Distributed Generation Systems
b. Advanced Recycling toMW Municipal Solid Waste of Electricity Generation
c. The SoCalGas WadteBioenergy Applied R&D Project
d.

Paths to Sustainable Distributed Generation through 2050: Matchind Waste Biomass Resources with Grid
Industrial, and Community Needs

e. LowCost Biogas Power Generation with Increased Efficiency and Lower Emissions
4. Thermochemical Conversion Technologies or Deployment Strategies
a. North Fork Community Power Forest Bioenefgygility

b. GFQ15-325 tGroup 2: TD&D: Demonstrate and Evaluate Environmentally and Economically Sustainable \
Biomassgto-Electricity Systems

5. Biochemical Conversion Technologies or Deployment Strategies
a. The Lakeview Farms Dairy Biotaslectricity Pragct
b. The West Star North Dairy BiogasElectricity Project
c. Enabling Anaerobic Digestion Deployment for Municipal Solid \Atasksergy
d

Lowering FoodWaste CeDigestion Costs through dnnovative Combination of a P#®orting Technique and a
Strategy for @ke Solids Reduction

CommunityScale Digester with Advanced Interconnection to the Electrical Grid

Installation of a Lean Burn Biogas Engine with Emissions Control to Comply with Rule 1110.2 at a Wastev
Treatment Plant in South Coast Air Quality Mamaget District

g. GFQ15-325 t Group 3: TD&D: Demonstrate and Evaluate Environmentally and Economically Sustainable |
Waste Biomas#o-Electricity Systems
6. UlveSE S]JvP o v v EPC "}ouS]}ve 8Z 8§ "u%o%}ES o0](}EV] cisicdahGrick S CE ]
a. Advancing Biomass Combined Heat and Power Technology to Support Rural California, the Environment,
Electrical Grid
b. ABEC #4 Renewable Combined Heat and Power Project

- o

Select EPIC Projects
The Energy Commission has funded seviaralvative bioenergyelated projects that are featured on the

Energy Commission Innovation Showcase weBSit€he following table summarizes projects that
demonstrate emerging bioenergy and relevant technologies that could potentially be used fecded
biomass electricity.

109 California Energ€ommission Innovation Showcag&ovation.energy.ca.gov/
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Table4-10. Bioenergyt Select EPIBrojects

Project Name Technology Type Description

CommunityScale Digester with ADPower This pojectisinstalingand operaingan innovativeADsystem using

Advanced Interconnection to Production high-rate biodigester technology that will process both food waste

the Electrical Grid and a highstrength slurry froma concentrated wastewater stream.
Estimated LCOE is $122/MWh.

Advancing Novel Biogas Biogasdeanup This pojectisdevelopgngand demonstrainga novel biogas cleanup

Cleanup Systems for the system for the separation and removal of hydrogen sulfide,

Production of Renewable siloxanes, CQnitrogen and oxygen to generatenewable natural

Natural Gas gas(RNG. Theresultisbiogas cleanup systems that are reliable,
effective and not overly costly to aid growth of the RNG market ir
California.

Pre- and PostCombustion NOx Bioenergy Theproject is development and demonstration of an integrated

Control for Biogas Engines EmissiongControls  microwave system that will address the current inability of biogas

engines to meet the South Coast AQMD Rule 1110.2 alifdi@ia
Air Resources Board NOx emissions standard.

Paths to Sustainable Bioenergy This analytical project identifies higiiority Galiforniaarea and
Distributed Generation Through Feedstock feedstock types, highlights promising geograpdrieas and available
2050: Matching Local Waste technologies, and imprasefficiency by lowering feedstock
Biomass Resources with Grid, transportation distances. Integrated use of waste biomass (from
Industrial, and Community municipal wastes, agricultural residues, and food processing was
Levels for distributed generation in &8iforniahas the potential to produce

4.2 TWhof biomass electricity per year.

Demonstrating the Potential for Modular Anaerobic This project is to assess tpetential for highly standardized and

OnSite Electricity Generation  Digestion rapidly deployable decentralized AD systems. With such sysieiss
from Food Waste Using possible to reduce/avoid narenewable electricity, transmission
Containerized Anaerobic and distribution losses over longer distances &mtbwer feedstock
Digestion Units transportationcosts. The pilot distributed generation unit is

expected to reduce the host facility net peak demand ok®Q with
an annual savings of $72,246 or $152/MWh.

Dairy Wasteto-Bioenergy via  CSP and Bioenergy The project is to integrate CSP and bioenergy into a single integr

the Integration of system. The project anticipates proving it possible to store the
Concentrating Solar Power and energy contained in dairy manure waste in a manner that enable!
a HighTemperatureConversion natural gas plantto produce readily dispatchable, ulttaw-

Process emissions renewable electricity. A renewable electricity productio

cost of $69/MWh is estimated

Demonstrating a Commercial  Modular Wady This project developed and tested a modular biomass gasificatiol

Scale Gasification Facility for ~ Biomass Power system that can be deployed rapidly to forested communities to

Converting Forest Wood Waste promote and support firesafe management activities. This project

to Electricity aims in part to reduce direct costs of ugilicaused wildfires and
protect utility infrastructure.

4.1.3.2 | Research Initiatives from Other Funding Entities

The DOE Bioenergy Technologies Office (BETO), along with the Biomass Research and Development Boal
promotes bioenergy RD&D at the national levedwdver, it must be noted that nearly all current and

future BETO activities have a very high emphasis on conversion of biomass to biofuels (to substitute for
petroleum-derived transportation fuels) and bioproducts (again, to lessen dependence on petrodean
naturalgasderived chemicals and products). BETO even states in its-Wedti Program Plan (2016) that
biomassto-power electricity generation facility technology is considered commercially mature, and

therefore not in need of additional R&D supportowever, BETO does work with other DOE offices that
continue RD&D work on biomass conversion into electricity:
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x Office of Fossil EnergyExamine technology development improvements to increase efficiency,
environmental performance, and economic viabibiyutility-scale biopower and carbon reuse.

x Advanced Manufacturing OfficeResearch and develop biomasased technologies to produce
electricity, among other biomass conversion technologies.

x Fuel Cell Technologies Offit€oordinate research efforts ayasification and renewable hydrogen
production for use in fuel cell electricity generation.

Table4-11. Bioenergyt Summary oDOE Research Initiatives
Initiative Description/Goal Potential Impact
U.S.Department of Energy

Conversion Research and R&D to improve the conversion of biomass tc Increasing conversion efficiency will lower
Development biopower. biomass feedstockosts a critical cost factor
in the production of electricity from biomass

Feedstock Supply and R&D to improve the harvesting, Technology improvements in processing and
Logistics handling/processingand transportation of logistics that enter the market over time can
biomass feedstocks reduce the unit cost of biomass supply.

N % ESu vS }( v EPC &z Tiid }VPE e<¢]}v 0 p P Sederguges/Xites/pkodXilds/AM 870 4R
2019Volume3-Part2.pdf.

NYSERDA funded biomdsselectricity studies and projecia the past, but now nearly all the bioenergy
R&D is focused on the use of biomass for direct heating applications.

4.1.4 | R&D Opportunity Areas and Technologies Figured-4. BioenergyExpertsinterviewed
To identify and prioritize R&D opportugiareas and x  Robert Baldwin, PhIPrincipal Scientist
technologies fobioenergy analystgeliedon state and National Renewable Energy Laboratory
federal government reports, industry reportnd peer x Greg KesteRenewable Resource Program

reviewed research article§indings were also informed CElhilorma ~e=sElIen f SemEiion Agensize

by phone interviews wittsix bioenergyexperts from
government and otheresearch institutions across the

X Tom MilesPrincipal
T.R. Miles Technical Consultants, Inc.

Valentino TiangcdBiomass Program Manager

United States Sacramento Municipal Utility District
. . X  Steve TourignyRrincipal
4.1.4.1 | Key Considerations SPT Servicgf P

Expert interviews and literature review identified a x Robert Williams, Engineger

number of factors worth consideration when dealing witt California Biomass CollaboratiRevelopment
assessment, investment, or construction of bioenergy

generation in Californialhese areas are broadly categorized into technical, financial, and regulatory
considerations, as discussed below.

Technical Considerations

x Generating more biogas from biomass resources offers a way to increase bioenergyhee.
decommissioning of stokerdilers and other biomass combustion systems in California has limited their
production over the past decade. Biogas production from both MSW plants and WWTPs provides a
diversion pathway. Biogas can be burned onsite to generate power for those same MSMARE
facilities, and in some cases, these biogas turbines produce enough power to feed back to the grid.
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X Modeling of organic waste diversion from landfilling to electric power generation can make
1} v EPC[* A op $]}v ul}AE recéri Galiférhidegislation, regulations, and policies are

emphasizing a significant diversion of organic waste from landfills, the full lifecycle costs/benefits need
to be investigated in depth.

X More modularization of bioenergy systems can lower manufacturing and talptosts.Wind and solar
currently benefit from manufacturing economies of scale and faster and lowost installation
compared to bioenergy systems. Research and demonstration of modularization, principally with more
fabrication of standardized bioeneygomponents in manufacturing facilities, is needed for proof of
concept.

X Using bioenergy in conjunction with solar and wind power at hybrid facilities is a way to increase
power from biomassBiomass energy can be produced at any time of the day andyiseamson,
essentially functioning as a form of physical energy storage. The dispatchability of bioenergy could
complement the intermittency of solar or wind systems. Coupling these systems could result in a cost
competitive hybrid system that assists inth® u 3]}v }( 8Z ~pul pEA _}( o SE] ]

X Bioenergy carbe configured to supplyaseloador dispatchablepower. Bioenergy systems should be
compared to natural gas generation rather than variable renewables such as wind and solar.

Financial Cosiderations
X The cost of biopower is high when compared to other forms of renewable generat®inenergy costs

are affected by significant labor needs, compared to other renewables, and high feedstock costs.

X Monetizing the nonelectricity benefits of biopwer could lower bioenergy costdiopower can
provide numerous noselectricity benefits and value streams, such as waste disposal and forest
management. Appropriately considering and quantifying these additional benefits could increase the
value proposiion for biopower.

X Market certainty for byproductswould lower risks for investorsByproducts of biopower generation,
such as biochar, biosolids, and fertilizer supplements, could create additional revenue streams to bring
down overall system costs. Howeyenarkets for biochar (from gasification of woody biomass) and
fertilizer products (from AD) are small and immature.

X Repurposinglder largescale biomass power plants to generate electricity for electric vehicles (EVSs)
can open a new revenue streanthelarge existing fleet of largecale woody biomass plants is winding
down as their PPAs are expiring. However, the California Low Carbon Fuel Standard program provides
significant monetary value for renewable electricity used to power EVs. Biomass plalisnawease
their value by supplying electricity to electric charging stations or EV vehicle fleets.

Regulatory Considerations
x SB 1122 is incentivizing smaitale bioenergy production in Californidhe smalscale California

bioenergy sector developmentas enhanced by the passage of SB 1122 in 2012. The bill directed the
major I0Us to procure 250 MW of power from sradale bioenergy units (3 MW or less) that used
woody, agricultural, or forestry wastes.

X Emissions standards can limit or even preventirgy for bioenergy facilitiesUnlike most other
renewables, bioenergy systems produce air emissions from direct combustion of woody biomass or
through the production of syngas or biogas and combustion of those gases in an internal combustion
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engine genertor or boiler systems to generate electricity. California has some of the most stringent air
guality regulations in the United States, and some of the California air districts assumecasest
emissions scenarios for bioenergy systems.

x Bioenergy from wood@ biomass can be used as a forest management and wildfire mitigation strategy.
A critical issue facing California is the increased wildfire risk due to drought conditions and increased
wood residue in forests. Bioenergy can reduce wildfire risk throughémeficial use of forest residues.

In addition, biosolids produced through AD can be used to reclainndir@ged land and reduce the
potential severity of future fires through improved soil health and increased biomass production.
However, this applicatn is inhibited by cost barriers such as material collection and transportation.

x Diverting waste to bioenergy systems lowers the overall GHG emissions from waste control systems.
The beneficial use of biogas, instead of leaking methane and leaching cerbobwell quantified and
valued by the public. GHG emission reductions should be captured through the diversion oftbiogas
energy systems.

4.1.4.2 | R&D Opportunity Areas

The R&D opportunity areas irable4-12 A %o v Clv 8§z} ] vs](] Jvsz v EGPC }
2018t2020 Triennial Investment Plan and are based on an extensive literature review and conversations
with experts.

These identifiedR&D opportunities consider the bioenergy needs to assist California in meeting policy and
legislative goals regarding biomass and organic waste utilization, diversion from landfilling, and potential
reduction of catastrophic wildfire. Subject matter expevi U ~0 ee¢}ve 0 EvV _ (E}u A]J*S]vl
bioenergy projects, and bioenergy expert feedback were used in determining these opportunities.

Table4-12. Bioenergy Technology Research & Development Oppitytdneas

ID Opportunity Area Description

Combustion and Gasification

0.B.1 ConvertDirect Combustion  This conversionauld result in more efficient use @iurchasediiomass feedstocks
BiomassFacilities to and lower air pollutanemissions
Gasification Facilities

0.B.2 Existing anddle Biomass This area examinegthnologies and retrofits that support continued usettod
Pant Retrofits existing biomass power plant fleet

0.B.3 Improved Pressurized This procesgan be improved tallow the use of gaturbine applications and for
BiomassGasification and other highefficiency power systems
GasUeaning

0.B.4 Integrating Biopower into This area would evelop integrated biorefinery concepts involving laigsle
Biorefineries power (and heat) plants

O.B.5 LargeScaleBiomass Current gasification systems proposed aliforniaare all 3MW or less no utility-
Gasification Systems scale woody biomass gasification systems are proposed

0.B.6 Tar and Other Impurity There is a eed toeconomically and environmentally handle and process tar an
Management other contaminants removed from the cleanup of syngas from biomass

gasification

0.B.7 *Thermochemical Advanced technologies couldwer costs of gasification reactor vetdsand
Conversion Technologies  pyrolysis processes.

Digestion
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ID Opportunity Area Description

0.B.8 *Advanced Wastewater Increasng ADefficiencies in future wastewater treatmentill produce higher
Treatment Plants biogas volumes for energy production or injectioto the natural gas pipeline
system.
0.B.9 *Biochemical Conversion Technologies are needed tontinue to lowerthe cost of biochemical conversion
Technologies through increasing biogas production through various means such as enzymes
specialty microbes, and other potential chemical anddgatal supplements
0.B.10 Codigestion ofwWastes Lowenergy yielding manures can be augmented with higimeergy yielding food
waste to increase AD system efficiency
0.B.11 EnhancedAnaerobic A potential significant increase in methane production in AD systemsd
Digestion with Enzymes increase electricity productian
0.B.12  Processing of MSW to Organic waste feedstodk AD systems must m®ntaminantfree.

EconomicallyRemove the
OrganicComponent

Other andCrossCutting Opportunity Areas

0.B.13 Biogas Power Generation Biogas usean be further integratedvith fuel cell technologies
Technologie$

0.B.14  *CSP Integration with This area seeks ®valuate the technical and economic benefitfisblending solar
Bioenergy Systems electricity and biomass electricity production at collocated sites

0.B.15 Environmental and Social  There is a eed for quantification of societal and environmental benefits from
Benefits Analysis biomass utilization

0.B.16 *Modular Bioenergy Modularizationcanlower Capex and OpeXhere is a eed for smaliscale
System$ biopower systers (<3 MW) with over 80% biomass utilization efficiency and at

least 35% electrical efficiency.
0.B.17 *Pollution and Emissions Continued improvement in air pollution control devices for emissiwitisallow

Controls bioenergy systems to meet Califorjigontinuing refinement of air emissions
standards
0.B.18 Ultra-deanBiogas Use of ultraclean biogas from\Dcan beused in fuel cells
0.B.19 *Waste-to-Energy Processes generate electricity and/or heat directly through combustion or prod
Bioenergy Systems a combustible fuel commodity such as methane, methanol, ethamaynthetic
fuels.

Several research areas overlap with BRV@stment interests. Those overlaps are given the following identifiers:

* Mentioned in EPIC Investment Plan: Previous and Planned EPIC Investments on Bioenergy Technologies

2 Relevant to Initiative 4.4 Tackling Tar and Other Impurities: AddressingAbhilles Heel of Gasification

3 Relevant to Initiative 4.4 Remonstrating Modular Bioenergy Systems and Feedstock Densifying and Handling Strategies to Improve
Conversion of Accessibiliyhallemged Forest Biomass Resources

4 Relevant to Initiative 4.4 Bemonstrate Improved Performance and Reduced Air Pollution Emissions of Biogas@ualdyBioga Power
Generation Technologies
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4.1.4.3 | Emerging and Breakthrough Technologies
The emerging and breakthrough technologieJ able4-13 represent more targeted opportunities for Energy Commissiwestment and fall
within the aforementioned R&D opportunity areas.

Table4-13. Emerging and Breakthrough Technology Matrix

Parallel Research
Topic

R&D Opportunity Areas Potential Impact

B.1 Bioenergy with Carbon Legacy System Existing and Idle Biomass =~ BECCProduces negative carbon emissions by capturing g2@uced during

Capture and Storage  Improvement Plant Retrofits power production and storing it, preventing it from reentering the atmosphere
(BECCS)

B.2 Cleaner Combustion  Legacy System Pollution and Emissions Combustiortechnology convegbiogas to bioenergy while complying witcal
Technologies Improvement Controls air district regulations.

B.3 Food Waste Legacy System Codigestion of Wastes Food waste contains organics that can be digested in the same anaerobic
Integration into Improvement digesters that are used for WWTPs. This saves new installation costs and ca
WWTPs increase AD biogas production.

B.4 Improved Pyrolysis Innovative System Thermochemical Conversion Improving the cost and yields of pyrolypi®cesses, especially slow pyrolysis,
Processes Development Technologies would provide a pathway to utilizing more biomass for electricity production.

B.5 Integrated Gasification Legacy System Convert Drect Combustion IGCC systems can improve power plant efficiency while decreasing the amo
Combined Cycl¢lGCC) Improvement BiomassFacilities to of CQreleased from biomass.

GasificationFacilities

B.6 Microbial Fuel Cells Innovative System Biogas Power Generation Microbial fuel cells can take carbaith biowaste and convert it into stored

Development TechnologiesWasteto- electricity.
Energy Bioenergy Systems

B.7 Modular Gasification  Innovative System Thermochemical Conversion Gasification systems can lower costs and be more transplertatd installable if

Systems Development Technologies they are smaller and modular.
B.8 Pipeline Injection Legacy System Biogas Power Generation  Utilizing biogas by injecting it into existing natural gas pipelines allows the bi
Improvement Technologies to be put to beneficial usaVhile lowering the overall quality of the gas in the

system, the degradation is not enough to affect power plant operations.

B.9 Thermal Hydrolysis at Legacy System Advanced Wastewater Thermal hydrolysis can be used gsracursor to AD to increase biogas
WWTR Improvement Treatment Plants production and increase breakdown of organic material.
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Geothermal Power

In 2017, geothermatnergy generated within California tdea 11,745 GWh. As the largest source of
renewable energy in thetate, geothermal accounted for roughly 5. p#rcent of the instate total power
generationand 19.2% of istate renewable power generatiofi® Geothermal energy in California during
2017 was supplied by 43 operating geothermal plants accounting for arddn@W of capacity with an
additional 64.7 MW of import capacity availabfé.

Figure4-5 shows how geothermal energy generation in California has changed in terms of gross generation
(GWh) and capacity (GW) since 200he number ofjigawatthours produced from geothermal powes i
relatively unchanged sindgaliforniap RPS law was adopted o] (}E V] [ (]E&*S *}uE }( P }8Z
was developed at the Geysers in 1960. The newestate installations of geothermal energy came online

in 2004. Since 2001, less than 100 MW eafthermal capacity has been added in California.

Figure4-5. Geothermal Energy Generation in California from 2001 to 2017
Data fromenergy.ca.gov/almanac/renewables data/geothermal/

110A77i6 d}S o "CeS u o SE&] 'v & S]}vU_  o](}EV] v EPC }uulee]}vU $ e }( :pv TiU TiidL
energy.ca.gov/almanac/electricity data/total system power.html

mar o](}E&v] "}o & v EPC ~§ §]*8§] ¢« S U_ o0](}E&v] v EGPC }uulec]}vuU e« E}AuUu E 6
energy.ca.gov/almanac/renewables data/solar/

Technical Assessment of Grid Connected Renewable Energy and Storage Technologies and |Sti@fegies



https://www.energy.ca.gov/almanac/electricity_data/total_system_power.html
https://www.energy.ca.gov/almanac/renewables_data/geothermal/

Looking forward, the DOE FY 2019 budget request establishes cost performance targets, summarized in
Table4-14. DOE rsearch efforts focus on subsurface stress measurement and simulation to enable the
collection of stress data at reservoir scale to understand fracture propagation, permeability distribution,
reservoir management, fluid production, and wellbore integritgivAnces would support enhanced grid
reliability and resilience through analyses focused on improving the ability for geothermal power to be
operated flexibly and provide essential grid reliability services.

Table4-14. Geothermal Power Cost Performance Targets (DOE)

FY 2017 FY 2018 FY 2019 Endpoint Target

Geothermal Systems 22 cents/kWh 21.8 cents/kWh 21.7 cents/lkWh 6 cents/kWh by 203C
(target met)

The geothermal energy cost target is an unsubsidcesd of energy at utility scale. The Geothermal Electricity Technology Evaluation Model
(GETEM) estimates the representative costs of generating electrical power from geothermal energy. The estimated costadeatdgmn
several factors specific to ttecenario being evaluated, with most of these factors defined by inputs provided.

MUE W A % ESu vS }( v EPC &z 1iid }vP@E «e¢]}Pad 2: 25PDOEZMaiche2048. s}opu 1
energy.gov/sites/prod/files/2018/03/f49/F2019Volume3-Part2.pdf.

4.2.1 | Resource Availability

California is one of nine states with operating or planned geothermal power resources and has more than
three times the installed capayiof the rest of the country combined. The geothermal resource in

California is considered one of the largest in the country, with estimates of additional capacity ranging from
4,000 MWt20,000 MW for conventional geothermal generation and estimates dsdsd0,000 MW with

the inclusion of enhanced geothermal systems (E&3he U.S. Geological Survey (USGS) and NREL are
§A} hX~X P}A Evu v8 }EP v]l §]}ve 82 8 A 0}%o ee ooy v3e }( 83Z }y
resourcest!3t14

California has 25 known geotherimasource areas (KGRAs), of which 14 have temperatures above
300°F1> Currently, geothermal capacity in California is concentrated around five regions, but future
development is planned in the northeast of the state for the first time.

Geothermal resourceotential is assessed based on several factors such as the heat, water content, and
permeability of a given reservoir. Accessing the geothermal resources requires drilling activities like those
undertaken during oil and gas exploration. The exploratioth discovery of geothermal resources is the

most capitalintensive part of the process. Modeling efforts help identify areas that are more probable for
geothermal generation and save costs. This part of resource assessment focuses on the areas that are
already identified as good geothermal resources.

112Colin F. Williams et. al® ¢« eeu v3§ }( D} ar@® HighTemperature Geothermal Resources of the United Statehi '~ 1110
pubs.gov/fs/2008/3082/pdf/fs2008082.pdf .
13Ant o BXAX ' }SZ BEu 0 e seu vS "puu EGCU_ h~'~U e« E}A uUu & T6U Tii6U

certmapper.cr.usgs.gov/data/energyvision/?config=config_Geothermal.json .
14~ 187 BEu o D %*U_ E S]}vo Zv A o v EPC > }E §}@&s€l.obv/gis/geothdfrhAl.himl E T6U TiidoU

us~A* 187 CEGu o v EGPC ]v o](}Ev] U_ 0] (}EV] v EPZB, 2008, ]]}vU oo E}A u
https://www.enerqy.ca.gov/geothermal/background.html
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Geothermal facilities also have the
potential to capitalize on more than
energy production through the extraction
of material from subsurface brines.
Lithium, boron, and other valuable
materials are present inertain brines
located in areas like the Salton Sea of
California. There is overlap with other
renewable projects, as the extracted
lithium can be used for energy storage
battery products. In any case, the
extraction of materials will increase the
revenues of a project, which will help pay
back the capital investments in
geothermal projects.

Owing to the nature of geothermal
facilities, another resource component
that must be considered idevelopment
is water use. California has a constrained
water resource due to common drought
conditions and other earmarked uses such
as agriculture. The best geothermal
resources for the state will rely primarily
on water that is captured from the _
- . Figure4-6. Known Geothermal Resource Areas
geothernal drilling operations themselves ;5 EPC Juuee]}V[* ACe& U eo sou V& " &

or by using nospotable resources that Division Cartography Unit generates a map of all known geotherme
cannot be used in the staffier other resource areas in the state. These areas have to be assessed and

. explored to understand the true geothermal resource potentiadia
reasons. One example of creative water  possible generating plant siting locations.

use in California is the pipeline Available aenergy.ca.govhaps/renewabldgeothermal areas.html
transporting treated water straight from a

WWTP to a geothermal plant the Geysers.

4.2.2 | Technology Overview
There are three ways energy is conventionally produced from geothermal resddfces:

x Dry steamdesigns directly utilize hot steam that emanates from the ground to directly power an
electric generator. In some cases, suchhesGeysers, this used to occur naturally. However, over
time, the water in the geothermal reservoir was depleted, and steam generation declined. The

u6A o SE] ]S8C 'v E S]}vX_K((] Y v EPC ((J]1vcC v ZvA o v EPCUNRE?2RIS8 % ESu vs§
energy.gov/eere/geothermal/electricitgeneration
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geothermal reservoirs at the Geysers are now recharged with treated wastewater. Approximately
20 million @llons per day of reclaimed water is injected into the Geysers reservoir to mitigate steam
production decline. California has 15 power plants currently operating that use dry steam design
and produce 800 MW of capacity.

x Flash steangeothermal plants utiliz hydrothermal fluids over 360°F from geothermal wells. This
liquid is pumped up into a tank that is kept at much lower pressure then the geothermal fluid. When
that fluid is released, it vaporizes, creating steam that then powers the electric generatoe. S
designs incorporate a second tank that can flash any fluid that remains from the first tank to
generate more energy. The selection of a siHtgsh, duaifflash, or dry steam design is determined
by the characteristics of the geothermal system. Thrizags in California utilize the duélash
design and provide 112 MW of capacity. The shfigieh design accounts for 22 plants in the state
and,with 892 MW, contributes the most capacity of any design.

X Binary cycleplants are common for geothermal rases that are below 400°F. Water from the
subsurface is pumped up into a heat exchanger, which passes heat to a fluid with a much lower
boiling point. A common working fluid is isopentane. This working fluid is flashed to vapor in the
heat exchanger, anthat vapor is used to drive an electrical generator. These are cllosgd
systems, so nothing is vented to the atmosphere. The water that comes from the geothermal wells
is pumped back down the injection well to replenish the reservoir. Binary plante faoig 2 MWt
50 MW in capacity!’ Five plants in operation in California utilize the binary cycle design and
provide 62.9 MW of capacity.

Geothermal power by its nature provides baseload power because the generation of steam from the
subsurface is not slowear controlled. The capacity factors of geothermal technologies are very high
(>90%) because the steam supply is constant. This characteristic distinguishes geothermal power from
other types of renewables. However, there is ongoing research into wayske geothermal power more
flexible so it can help deal with the large swings in production that have accompanied the installation of
more solar projects in California.

4.2.2.1 | Cost Trends and Performance Attributes

In general, the LCOE for geothermal designs rafrges $0.04/kWh to $0.14/kWh, assuming a-g&ar
plant life!18Installed costs for geothermal systems range from $1000/kW to $9000/kW. Binary steam
plants are typically more expensive than dry steam and flash plgigsre4-7 presents a comparison of
the costs of binary plants and flash plants, plotted by the temperature of the geothermal res@@rce.

u7Ar 18Z Euo o SE] WA E WE} p 3]}vU_ h A] cbec.ucdeavis. e esaurc@s/I@4r/gédthkedectric
power-production/.

U8 A" 187 Eu o W}A EW d Zv}o}PC €] (U_ /vd Ev §]}v o Z v Aenaorghy EPC P v CU » %3 u &
/media/Files/IRENA/Agency/Publication/2017/Aug/IRENA_Geothermal Power 2017.pdf

119 Geothermal Summary Charts, International Renewable Energy Agency, achlessenber 28, 2018:ena.org/costs/Charts/Geothermal
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Figure4-7. Installed Cost of Binary and Flash Plants by Geothermal Resource Temperature

Geothermal costs vary heavily even within technology types, mostly because of ranging development costs
Factors such as temperature, pressure, depth, permeability, fluid chgmistration, local drilling market,

and size of development all play a role. A major cost differentiator can be whether the new plant is an
expansion near an existing plant or a greenfield plant. New development areas have added risks that can
increase cas substantially.

4.2.2.2 | Enhanced Geothermal Systems (EGSSs)

An emerging area of interest for geothermal technologies exists for enhanced geothermal systems. These
systems can enable new geothermal generation in areas where the subsurface temperature is high but
little steam or hot water exists and permeability is low. The process for creating an enhanced geothermal
system involves drilling and assessing a potential heat reservoir. The drilled holes can range from four to
ten kilometers below the surfac&® Once tte reservoir is selected, water is pumped down the hole and
pressurized to create fractures in the rock. This process may be compared to hydraulic fracturing but does
vi§ EEC 3Z e+ u E]ele v eZ}uo Vv}$§ ee oo AlEZ TH e+ u +3]Pu
development.

Once the formation contains large enough fractures, a production well is drilled with the intent of
intersecting enough fractures to provide water a pathway back to the surface. The system can involve
multiple production wells. The injéon well is used to pump down cold water, which is heated in the

120C, pPpe8]v U "h% & hX~AX '1}8Z EuUu 0 "P%%o0C Z E § E]l 8]}v VvV Z % E « &E28]3v (}E D E
nrel.gov/docs/fy120sti/47459.pdf
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subsurface and then transported to the surface as hot water or steam, which can be used to generate
electricity through one of the conventional generation methods. EGS demonstration pkrdgsleen
developed, and commercial facilities are targeted for deployment in 2030. The estimated costs for EGSs
range from 0.10 $/kWh to 0.30 $/kWH!

4.2.3 | Research Initiatives
The following is a brief overview of some of the ongoing R&D initiatives relatgelothhermal powerThis
summary is not intended to be comprehensive.

4.2.3.1 | EPIC Investment Initiatives

The EPIC 2018020 Triennial Investment Plan describes the sienn R&D priorities to increase

geothermal power in Californi&? Under the first and second EPinvestment plans, the EPIC program
concentrated on the challenge of characterizing and assessing geothermal resources, designing flexible
*Ce3 usU v E M ]JVvP }e8eX dZ 0 8 ¢35 %0 v E }Pv]l « P }3Z Euo Vv
renewable errgy to the grid.

Table4-15. Geothermalt Summary of California Investment Initiatives

Initiative Description/Goal Potential Impact
2018t2020 EPIC Triennial Investment Plan

Initiative 4.3.2 Geothermal Addresgsflexible generation issues such as Will accelerate penetration of total renewabl

Energy Advancement for a corrosive material buildip to allow generation on the grid by decreasing relianc:

Reliable Renewable geothermal to operate in a nehaseload of nonrenewable generation for ramping anc

Energy System setting.Explores the economic values of ancillary servicexCould make geothermal
capturing buildup fromcondensates and more attractive to investors as well.

looks at ways to boost geothermal power
from declining or idling geothermal plants.

Previous EPIC Investment Plans

Previous/Planned/Possible 1. Flexible Geothermal Energy Generation
EPIC Investments in a. Comprehensive Physid&hemical Modeling to Redu&dsks and Costs of Flexibl
Geothermal Technologies Geothermal Energy Production
2. Exploration, Resource Characterizatiand Resource Development
a. Improving Performance and CeEtfectiveness of Small Hydro, Geothermal, anc
Wind Technologies
b. HighResolution Imaging of Geothermdb®w Paths Using a CeEffective Dense
Seismic Network
3. Increasing CodEffectiveness and Economic Opportunities of Geothermal Power
Generation
a. Recovery of Lithium from Geothermal Brines

Other
Geothermal Grant and Seeks to promote thdevelopment of new or Provides millions of dollars for funding proje«
Loan Program existing geothermal technologies. Commonl' developers operating on federal land in
known as the Geothermal Resources Calibrnia. These grants and loans can provic
Development Account (GRDA) program (afte vital funding to emerging technologies such |
its funding source). lithium recovery.
21ad Zv}o}PC Z} u %W }ulv , 8§ v W}A GEGU_ /vs Ev §]}Jvo v EPC P v CU TiiiU

iea.org/publications/freepublications/publication/Geothermal Roadmap.pdf
122n g SE] WEIPE u /vA StIVE dEE[EW WO TIVA «Su whid\Emergy Commiggion, CEHID-2017-023-CMF,
adopted on April 27, 201&nergy.ca.qgov/research/epic/tEP1E1/.
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Select EPIC Projects
The Energy Commission has recently funded several innovative geothermal projects that are featured on

the Energy Commission lovation Showcase websités The following table summarizes projects that are
working onemerging geothermal technologies that are relevant to utiibale generation.

Table4-16. Geothermalt SelectePI(Projects

Project Name Technology Description

Type
Comprehensive Physic&hemical Grid This project is working with a geothermal model to further
Modeling to Reduce Risks and Cost: Integration understand well boreand reservoir integrity, scaling, and corrosio
of Flexible Geothermal Energy at geothermal facilities operating as both baseload and in a flexil
Production mode, which puts significant stress on the plant.
High-Resolution Imaging of Site This project will dvelop an advanced, loaost, automated
Geothermal Flow Paths Using a Cos Assessment  tomographic imaging system that uses miearthquakes and a
Effective Dense Seismicelvork network of portable, lowcost seismic sensors to form high spatial

and temporal resolution images of subsurfdted flow.

Investigating Flexible Generation Grid This project is investigating how the operation of Geysers
Capabilities at the Geysers Integration geothermal facilities may be modified in order to address the

greater demands imposed on the grid by thignificant addition of
intermittent resources.

Low-Cost HighReliability Thermoelectric This project is developing a thermoelectric material for high
Thermoelectrics for Waste Heat Generators temperature operation. This thermoelectnmaterialwould capture
Conversion waste heat to produce energy.

Recovery of Lithium from Material Reuse This project is developing a latatory-scale, coseffective method
Geothermal Brines of recovering lithium from geothermal brines.

Thermoelectric Generator Thermoelectric Thispilot geothermal facility ussthermoelectric generatorswhich
Application and Pilot Test in a Generators can generate electricity at a smaller scale than traditional
Geothermal Field geothermal plants.

4.2.3.2 | Research Initiatives from Othdfunding Entities

K[ "'}5Z CBGu od Zv}o}P] ¢« K((] ~'dKe (} pe » }v }¢8 v E]l E pu §
technologies. GTO is focused on development of four areas: hydrothermal resources, enhanced geotherma
systems, lowtemperature and ceproduced resources, and systems analysis. The office is also working on a
GeoVision report, due for release in 2019, that will detail economic, social, and environmental impacts of
geothermal power. This report will also include information on desalination, raimecovery, and
hybridization with other technologies. GTO has already developed several useful tools and reports including
an EGS roadmap, exploration roadmap, geothermal regulatory roadmap, geothermal prospector, and
geothermal data repository?*

Table4-17. Geothermalt Summary of DOE Research Initiatives
Initiative Description/Goal Potential Impact

U.S. Department of Energy

Frontier Observatory for  Dedicated sitavhere scientists and engineers Providing a site for EGS development will pu
Research in Geothermal can test, develop, and accelerate the technologies toward commercialization.
Energy (FORGE) breakthroughs in EGS technologies.

IA&KZ'" W hXAX % E S uDQEO}fice of BRdrdy Effiemcy and Renewable Energy. Accessed November 28, 2018.
energy.gov/eere/forge/forgehome.

123 California Energ€ommission Innovation Showcag®ovation.energy.ca.gov/
247771160 VVH 0 Z %}ESW ' }8Z Bu o d Zv}io}P] « K((] U_ hX~AX % ESu vsS }( v @a®CU K((] }

January 2018&nerqgy.gov/sites/prod/files/2018/01/f47/GTO%202017%20Annual%20Report.pdf
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4.2.4 | R&D Opportunity Areas and Technologies
To identify and prioritize R&D opportugiareas and Figure4-8. GeothermaExperts Interviewed
technologies fogeothermal power, analysteliedonstate ~ X Pat DobsonGeothermal Systems Program

. Lawrence Berkeley National Laboratory
and federal government repts, industry reportsand peer x Bill GlassleyGeologist

reviewed research articlegindings were also informed by GaliforniaGeothermal Energy Collaborative
phone interviews witHive experts from government and X William Pettitt, Executive Directqr

other research institutions across thenlted States Geothermal Resources Council
x Jefferson William TesteProfessor
CornellUniversity
Jim TurnerChief Operating Officer
Controlled Thermal Resources

4.2.4.1 | Key Considerations

Expert interviews and literature reaiv identified a number
of factors worth consideration when dealing with
assessment, investment, or construction of geothermal generation in California. These areas are broadly
categorized into technical, financial, and regulatory considerations, as destbstow.

Technical Considerations

x California has the highest potential for geothermal energy in the natid@xisting infrastructure near
known resources makes it easier than other states to integrate geothermal power. However, the Salton
Sea region has kmvn power connection issugandnew steam from new wells requires long pipes to
reach existing plants, lowering efficiency.

x EGScould increase capacity in the state by 40,08D,000 MW.The technically accessible geothermal
resources in California canquide 50% 1119 }( $§Z +3 8 [+ «« 0} % }A E v X

x New materials can make geothermal systems more flexibl@ere is a need for systertisat address
corrosion issueassociated witlgeothermal fluidsAdditionally, newmaterialsare needed tcstore
thermal energy above grounahore effectively These materials could also benefit CSP systems.

x Downhole heat exchangersould leverage existing assets to lower the cost of geothermal systems.
Downhole heat exchangers coulike advantage oéxisting oil andyjas wells. These exchanges present
a new, potentially lowercost method of capturingeothermal energy.

x Improved resource assessment of geothermal resources and EGSs is ng@dtsilde of existing fields,
the geothermal resource in California is difficiatquantify and qualify. Underground modeling is
difficult even forestablishedndustries like oil and gas, and geothermal production has many of the
same issues. A commitment to modeling hfgiobability geothermal areas could reduce risk and
installation costs of systems.

Financial Considerations

x Lithium extraction from geothermal brinesould provide an addedalue stream.Geothermal
operations can increase value through tteeovery of lithium, metals, agricultural products, or other
beneficial miner& from highly mineralized geothermal brines

X Exploration and drilling costs must be reduced to increase the competitiveness of geothermal
systems in CaliforniaLowering the costs of exploration and drilljnige most expensive parts of
geothermal develoment, is necessary to lower capital costs

x PPAs and market pricing do not compensate for the added value of predictable power production
from geothermal resourcesPricing does not considéne baseload nature of geothermal powevhich
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puts it at a disadantage when compared tlower-cost, but intermittent, generation fronsolar and
wind.

RegulatoryConsiderations
x Geothermal regulations can be burdensome for developments over 50 MW@/avoidthe additional
permitting processesnonew largescale geotherral is being builtin California

4.2.4.2 | R&D Opportunity Areas

The R&D opportunity areas rable4-18 A %o v Clv 8§z} ] vs8](] Jv sz v EGPC }
2018t2020 Triennial Investment Plan and are based on an extensive literature review and conversations

with experts.

Table4-18. Geothermal Technology Research & Development Opportunity Areas

ID Opportunity Areas Description

0.G.1 Corrosive Material Moving geothermal systems from baseload to flexible generators presents isst
Reductior? with buildup of corrosive materials. Mitigating these issues is important to enat
flexible geothermal generation.
0.G.2 Energy Storage Integratidn Integrating energy storage systems can help geothermal plants operate in mor
traditional baseloadettings while providing flexible electricity to the grid.
0.G.3 Enhanced Geothermal Enhanced geothermal systems take advantage of natural heat that exists-n nc
Systems permeable rock. The rock is opened to form fissures that can then carry water
another working fluid from an injection well to a production well. The working fl
is pumped down the wells and comes up hotter from the production well, allow
the heat to be used for energy.
0.G4 *Exploration, Resource High costs and barriers are associated with the exploration and discovery of n¢
Characterization, and geothermal resources. Tools and processes that decrease risk and expenses (
Resoure Development these activities are essential for new resource characterization and discovery.
0.G5 *Flexible Geothermal There are issues associated with flexible generation, such as added stresses ¢
Energy Generation system and high costs that are not lowered with lower power generation.
0.G.6 Improving Aging Facilitigs  Boosting geothermaglectricity production from declining fluid production and
] olJvP ( ]ol8] ¢ v I % P }SZ BGu o VvV Ju%l}ES v %
energy mix.
0.G.7 Innovative Geothermal General geothermal systems take advantage of existing heat befowt ESZ |«
Systems surface to provide energy.
0.G.8 *Increasing Cost Lowering maintenance costs and increasing efficiency of geothermal systems"
Effectiveness increase their output and help pay back plant investments faster.
0.G.9 Material Reusé Exploringand extracting value from materials such as condensates that build uj

during geothermal production will help pay back the facilities and make them n
economically viable.

Several research areas overlap with EPIC investment interests. Those overlgpeatée following identifiers:
* Mentioned in EPIC Investment Plan: Previous and Planned EPIC Investments related to Solar Technologies
2Relevant to Initiative 4.3.2 Geothermal Energy Advancement for a Reliable Renewable Electricity System
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4.2.4.3 | Emerging and Breakthrough Technologies
The emerging and breakthrough technologieJ able4-19 represent more targeted opportunities for Energy Coission investment. These
individual technology advancements merit consideration based on the potential to lower costs, increase performance, emdgratn,

and access a greater resource potential.

G.2

G.3

G.4

G.5

G.6

G.7

G.8

Improved Fluid
Injection

Characterizing and
Modeling EGS
Reservoirs

Carbon Dioxide as a
Working Fluid

Improved Well
Connectivity in EGS

CorrosionResistant
Geothermal Piping

Material Recovery
from Geothermal
Brines

Downhole Heat
Exchangers

Heat Recovery

Table4-19. Emerging and Breakthrough Technology Matrix

Parallel Research
Topic

Innovative System
Development

Information
Technology

Innovative System
Development

Innovative System
Development

Operations and
Maintenance
Improvement

Innovative System
Development

Innovative System
Development

Legacy System
Improvement

Technical Assessment of Grid Connected Renewable Energy and Storage Technologies and |[Sti@®egies

R&D Opportunity Areas

EGS

EGS

Innovative Geothermal
Systems

EGS

Corrosive and Toxic
Material Reduction

Material Reuse

Innovative Geothermal
Systems

Innovative Geothermal
Systems

Potential Impact

For EGS, the fluid that is injected needs to be-nomosive andimit losses to
downhole formations. Also, in areas with tight water supplies, using fluids ott
than potable water may be desired.

EGScan be expensive because of massive drilling and exploration costs.
Properly characterizing the wells can prevent initial spending and make EGS
more economical.

Using C@instead of water as a working fluid offers a method to permanently
sequester carbon that would have entered the atmosphere, and using CO
generates steam more efficiently than using water.

Increasing the fractures arnttleir opennessn EGSs allows them to transport
more water and be more efficient.

Polyethylene angblastics can be used instead of metal to avoid corrosion fron
impurities in geothermal brines. Certain metal alloys also limit corrosion. The
improvements help extend system life and lower O&M costs.

Recovering valuable materials such as lithium from geothermal resources ce
provide a secondary value streamhich lowers the overall cost of geothermal
energy.

Existing oil and gas wells or nproductive discovery wells can have heat
exchangers placed in them to allow fluid to go down and collect geothermal
heat. The heated water can be used to poweotpermal systems.

Maximizing the heat recovery of a geothermal system increases its overall
efficiency.



G.9

G.10

G.11

G.12

G.13

G.14

G.15

Oil tGas Well Reuse

Lower Drilling Costs

Water Reinjection

Integration with CSP

Systems

Combination with

Desalination

Geophysical Methods

Modeling for Flexible
Generation

Innovative System
Development

Supply Chain

Legacysystem
Improvement

Innovative System
Development

Innovative System
Development

Information
Technology

Information
Technology
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Increasing Cost
Effectiveness

Increasing Cost
Effectiveness

Improving Aging Plants

Energy Storage Integration

Improving Aging Plants

Exploration, Resource
Characterization, and
Resource Development

Flexible Geothenal Energy
Generation

Oil and gas wells that are located at sitgith some geothermal potential can be
reused eliminating new drilling costs and therefore lowiegthe longterm cost
of geothermal energy.

Drilling costs are the highest single cost for geothermal systems. Lowering tt
costs by using improved processes or by selecting better sites for developmt
can reduce the overall costs of geothermal energy.

Water can be piped to a geothermal location to increase liquid injection and
resulting steam and heated water that is produced from geothermal wells. Tt
can increase the production of wells without a strong watesource.

CSP can be integrated with geothermal systems to pump molten salt down il
geothermal wells for additional thermal storage and to increase the heat of a
geothermal system.

Geothermal power is typically a baseload generation technology. When pow
not needed on the overall grid, desalination can be performed lotalliynit

how much otthe required water resource needs to be brought in from
elsewhere.

Geophysical methods such as seismic sensors, remote sensing with lidar, at
magnetic sensingan improve the characterization of underground resources
geothermal development.

Flexible generation is not commonly performed by geothermal systemause
of stresses on the system. Modeling of rasmp and rampdown for geothermal
systems can explomghether future flexible systems are possible with new
technologies.



Small Hydro (<30 MW)
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Small hydro facilities are typically either ddrased or irconduit hydro systems. For-conduit

hydropower, existingunnels, canals, pipelines, aqueduasd other manmade structures that carry water
are fitted with electric generating equipmenn-conduit projects can extract power from water without
the need for a large dam or reservalihe majority of hydroelectridevelopment occurred in the late 20
century, and there has been little development since. As shoviigare4-9, small hydro capacity in

Figure4-9. Small Hydropower Generation in California from 2001 to 2017
Data fromenergy.ca.gov/almanac/renewables data/hydro/index.php

257 o](}EV] ,C &} o SE],” S BI(3EVT B &P Cenéngyda.gbkialmanac/renewables_data/hydro/index.php
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California has remained nearly constant since 2001, although generation from these resources has
fluctuated.

Thousands of miles of canals, pipelines, and other citesdend water to and from various locations across
California. New conduit hydropower deployments could tap into this existing infrastructure to increase
renewable power generation and offset the energy requirements of water transportatfa@ther forms

of small hydro development exist in the forms of retrofitting Rpowered dams with hydropower
capabilities and rwof-river or water diversion systems.

Looking forward, the DOE FY 2019 budget request establishes cost performance targets for small hydro
sygems from streams, summarized Trable4-20. DOE research efforts support easiage R&D exploring
novel concepts and approaches to capturing hydropower and marideokinetic energy resources.

Table4-20. Small Hydro Cost Performance Targets (DOE)

FY 2017 FY 2018 FY 2019
Small Hydro 11.5 cents/kWh 10.9 cents/kWh by 202(
(streams) (target met) 11.4 cents/kWh 11.15cents/kWh 8.9 cents/kWh by 203(

The new stream developments energy cost target is an unsubsidized cost of energy at utilitytec&egéf is for small, lovhead
developments.

"NMUE W N % ESu vs }( v EPC &z Tii6 }VvPE ee]}Pad 2: 24PDOEZMacheZ048. stopu 1
energy.gov/sites/prod/files/2018/03/f49/F2019Volume-3-Part2.pdf.

While streambased systems and the development of sggecific noRpowered dams show promise for the
future, this report focuses on the potential of-conduit systems.

4.3.1 | Resource Availability

In the United States, 14% of hydropower instiadlas are inconduit, but these installations account for

}voC 19 }( 8Z JUVSEC][* 8}53 0 ZC E}%}A E % ]5CoXduito] (}EvV] Iv§
hydropower!?” /ves$ oo % ]SC ]Jv  o](}EV] Jvopu e Tilt>p] W]l%,i ]Jv Z
as well as a 4.5 MW turbine in place of a pressure reduction valve in San'Biedtn both cases, in

conduit systems act as a form of pressure reduction, reducing excess pressure in the municipal water
system while generating usable power.

Despiteseveral examples of economically viable deployments-obimduit hydropower systems in the

United States and California, there has not been a national assessment of the potentiatdodunt

resources. California conducted a small hydropower resoussessment in 2006, but this was limited to

87 }( 8Z +3 8 e[ AS E %uEA C}E-U JUVS]VP (JE }voCODNitelRsE Z 3
sites the report analyzed with estimated capacities over 100 kW, 67% had capacities that were 1 MW or
less.The report identified a total potential of undevelopeddonduit hydropower of 255 MW, with

12678 C E}%}IA E s]*]}vW E A Z %Re®w&BIE ou 3EE]] 30 "}uE U_ K U TiioU
energy.gov/sites/prod/files/2018/02/f49/HydropoweYision021518.pdf

R27TEXDX ™ up NatiooaXHydtopower Plant Dataset, Version 1, Update FY18Q2 (20is8ndeidydropower Assets [series] FY180@ak
Ridge National Laboratory, National Hydropower Asset Assessment Pradraap.ornl.gov/submissiciu/eha-3224

128A>1 ] W]% W3IA E "CW W]A @ @Vp o] hslo]s] «U_ >p ] v @eidebergy.cem/wp u €& TiidU
content/uploads/2016/10/LucidEnergRiversideCaseStued)16-10-Ir.pdf.

129~ 3y p]sU_ E 8]}v o ,C E} %o} A E oo} ] $1} v Uhydro.erg/policy/techiBlobiyid@biduit/

10 gurieW EIU 2§ § A] ~u 00 ,C E}%}A E ZE AJPEVS «}wrepeRér California Energy Commission
energy.ca.gov/2006publications/CH500-2006-:065/CEE00-2006065.PDF
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capacity split evenly between irrigation and municipal water systems. In comparison, developing small
hydropower by retrofitting norpowered dams offers potential capacity of 195 MW in Californi.

Figure4-10X o]J(}E&v] [¢ Vv O«
Through the State Water Project and the Central Valley Project, Californtadwesands of miles of
canals to transport water from across the state.

181 BoualemHadjeriouaet al, » v e eeu vS }( v EPC WPowesdd Danss ik }he United States K | Z] P E §]}v o,> }E §
2012 energy.gov/sites/prod/files/2013/12/f5/npd_report_0.pdf
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In-conduit hydropower can be located at a canal or irrigation drop in agricultural systems, in existing
pipelines using water diverted for municipal and industry use. Southern California has the Ipigtesgial,
thanks to the proximity of large municipal systems such as Los Angeles and large irrigation systems for
farming further inland. Central California shows the lowest potential because of the slower flow rate of its
canal system. Northern Califoenhas large municipal water systems and canals that go through hills in that
region of the state, increasing the height difference and flow rate of water in the cobduit.

Seasonal and weather variations play an important role in power availability. Ergyeoutput of

hydropower in irrigation systems is skewed toward the summer months, in accordance with the growing
season, and increases with municipal water usage and increased residential use for outdoor irrigation.
Hydropower also sees a spring boosedo both increased rains and snowmelt, but drought conditions can
decrease production. Droughts in 202009 and 20112016 reduced hydropower productiofjgure4-9

shows the decreases in gross generation. According to the 2018 National Climate Assessment, increased
temperatures due to climate change have reduced the winter snowpack, which, coupled with the

S U% & SPE E]* U Z ¢« u%o0](] 0 [Aantihuéd [risiritg temyp 8ratEek|irR2dseXhe
probability of droughts lasting over a decade that could severely cut hydroelectric power genégation.

4.3.2 | Technology Overview

4.3.2.1 | Small Hydro Performance Attributes

Hydropower has been used throughout the United Statescenturies. Irconduit hydropower benefits

from the technical maturity of hydro, as many installations can use equipment that is readily available. All
forms of hydropower require the use of turbines to generate electricity from the potential and kinetic
energy in water. lrconduit hydropower can serve a dual purpose of generating power through a turbine
while reducing pressure in the water system. The two main kinds of turbines in use are reaction and
impulse turbines. Reaction turbines react to the charnn pressure of water flow, requiring them to be

fully submerged, while impulse turbines rotate in response to a change in speed as they contact flowing
water 134

In the United States, Francis turbines are the most common type of in conduit reactiondsiybiowever,
54% of all new turbines installed in the last decade are Kaplan turbines. Kaplan turbines are primarily
deployed in lowhead sites. The median size of all new installations since 2006 is around 10 MW.

Table4-21compares the performance attributes of turbines used indosad applications.

Table4-21. Examples ah-Conduit HydropowerTurbinesUsed inLow-Head Applications

Turbine Francis PowerPipé Archimedes Scretv
Type Reaction Reaction Reaction Impulse
Head Range (m) 01400 1.5t20 0t4 0t10

@Arg 5§ Al ~u 00 ,C E}%}A E Z . NaG@hant Gensuliingy prepared for the California Energy Commission, June 2006,
https://www.energy.ca.qov/2006publications/CEX00-2006-065/CEE00-2006065.PDF

133p_Gonzalez edl., Mmpacts, Risks, andidaptationin the United States: Foth National Climate Assessment, Volume Ilh” 'o} o Z vP
Research Progra/2018 nca2018.globalchange.gav/

134Michael JSaleet. al, "K %o %} ESuv]3] » (JE v EPC A 0}% KVSZ]VPt SEEG]}wW aps+}E S}EC
info.ornl.gov/sites/publications/files/Pub50715.pdf
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https://www.energy.ca.gov/2006publications/CEC-500-2006-065/CEC-500-2006-065.PDF
file://///eihqs/Energetics_Root/Energy%20Conservation/INDUSTRY/California%20Energy%20Commission/303%20-%20CEC%20Renewables%20Roadmap%202017/NonVariable%20RE/Hydropower/nca2018.globalchange.gov/
file://///eihqs/Energetics_Root/Energy%20Conservation/INDUSTRY/California%20Energy%20Commission/303%20-%20CEC%20Renewables%20Roadmap%202017/NonVariable%20RE/Hydropower/info.ornl.gov/sites/publications/files/Pub50715.pdf

Flow Ranggm?s) 0.05t40 1.5t60 1.0t5.6 0.1t10
Capacity 0t20,000kW 20 kW t3500kW 141100 kW 1500 kw

1Data fromwrc.org.za/Knowledge%20Hub%20Documents/Research%20Reports/TT¥2058(7
2Data fromenergy.ca.qov/2017publications/C500-2017-007/CEE500-201 7-007-APL.pdf

4.3.2.2 | Cost Attributes and Barriers to Development

There has been little development of new hydropower in recent decadespite the maturity of
hydropower. The limited developmerthat has taken place has mostly been small hydropower, although
small hydropower still faces development barrie€spital costs for kzonduit systems are variable and
dependent on sitespecific factors such as the awaillity of existing infrastructure, hydraulic head, and
system capacity?® Additionally, mosin-conduit designs are custogngineered, which can add costs.

Conduit systems may also be perceived as unprpaedeploymentsare fewerthan with other system
types. Water system owners are highly reskerseowingto the necessity of water for their operations, be
it irrigation, municipal use, or otherwise®

Recent regulatory changes and incentive

programs attempt to mitigate some of the Figure4-11. 2017 Hydropower Market Report
barriers to hydropower deployment_ The The 201 Hydropower Market Report discusses the major
Hydropower Regulatory Efficiency Act of 2013 a/ énds in the U.S. hydropower market in 2017:

the Promoting Conduit Hydpower Facilities Act ::Zfsllt?;/'o#;rjsds

of 2017 helped to accelerateepmitting for

x Technology Trends
conduit hydropower projects. California offers T T e
state-level incentives for ktonduit hydropower x Cost Trends
% E}i SeX o] ¢Ganerhtipn hcertive x  Policy and Market
Program offers eligible projects an incentofe Drivers
$.60/watt and a feedn tariff program of 8.9 X Outlook
cents/kWh for systems smaller than 3 M. Available at

enerqy.gov/ges/prod/files/2018/04/f51/Hydropower%20Market%
20Report.pdf

However, ongoing permitting challenges at the
state and local levels can cause small projects tc
stall and face cancellation despite the regulatory
changes and incgive programs-38

135 RocioUriaMartinezet. al, ATii6 ,C E}%}A E D ,E HSRAg&Nafibaal Laboratorpril 2018,
energy.gov/sites/prod/files/2018/04/f51/Hydropower%20Market%20Report.pdf

BEAWUU% ~SIE P v WIS vi] 0 ,C E}%}A E (E}u energudviites/pkoddiled/20E5(062 D piiridet)
storagepotentiakhydropowerfrom-conduitsfinal. pdf R )

B <pES :}Zvelv §X oXU "v EGPC Z }A EC ,C E}%}A EW o0 SE] ]SC }*Ss (I REHPEIWE
NREL/TBA2070483, January 2018rel.gov/docs/fy180sti/70483.pdf

BB <UES :}Zve}lv §X oXU ~"u 00 ,C E}%}A E P018/[EIIhQdisber 2418 «U_ KZE>1dD
files.constantcontact.com/397893ca301/a989fkB38a4c4fbfe9-18def6786555.pdf
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http://www.wrc.org.za/Knowledge%20Hub%20Documents/Research%20Reports/TT%20597-14.pdf
https://www.energy.ca.gov/2017publications/CEC-500-2017-007/CEC-500-2017-007-APL.pdf
file://///eihqs/Energetics_Root/Energy%20Conservation/INDUSTRY/California%20Energy%20Commission/303%20-%20CEC%20Renewables%20Roadmap%202017/NonVariable%20RE/Hydropower/energy.gov/sites/prod/files/2018/04/f51/Hydropower%20Market%20Report.pdf
https://www.energy.gov/sites/prod/files/2015/06/f22/pumped-storage-potential-hydropower-from-conduits-final.pdf
https://www.energy.gov/sites/prod/files/2015/06/f22/pumped-storage-potential-hydropower-from-conduits-final.pdf
https://www.nrel.gov/docs/fy18osti/70483.pdf
http://files.constantcontact.com/397893ca301/a989fb6f-138a-4c4f-bfe9-18def6786555.pdf
file://///eihqs/Energetics_Root/Energy%20Conservation/INDUSTRY/California%20Energy%20Commission/303%20-%20CEC%20Renewables%20Roadmap%202017/NonVariable%20RE/Hydropower/energy.gov/sites/prod/files/2018/04/f51/Hydropower%20Market%20Report.pdf
file://///eihqs/Energetics_Root/Energy%20Conservation/INDUSTRY/California%20Energy%20Commission/303%20-%20CEC%20Renewables%20Roadmap%202017/NonVariable%20RE/Hydropower/energy.gov/sites/prod/files/2018/04/f51/Hydropower%20Market%20Report.pdf

4.3.3 | ResearcHhnitiatives

4.3.3.1 | EPIC Investment Initiatives
The EPIC 2018020 Triennial Investment Plan does not mention R&D priorities to increase small
hydropower deployment in Californig?

Select EPIC Projects
The v EPC }uu]EPIEHregram funds appliddD technology demonstration and deployment,

and market facilitation that promote the development of new energy solutions and their introduction into
the marketplace. The followingPl&unded projects focus on ktonduit hydrgower technology and
innovation4°

Tabled-22. Select EPIBydropower lojects

Project Description/Goal Potential Impact
Comprehensive Assessment of-In  Site Assessment; Market Integratiol Gonduct a comprehensive assessment of in
Conduit Hydropower Generation conduit hydropower in California and produci
Potentialin California to Assist materials outlining coseffective development
Municipal, Agricultural, and of thisresource for water purveyors in
Industrial Water Purveyors California.
CostEffective and Climatdresilient Modular Turbines Design a scalable, standardized powerhouse
In-Conduit Hydropower and Civil and plant design that can be replicated for
Works Innovation multiple irrigationdrops in California
Improving Hydrologic and Energy  Climate Change Mitigation; Use sensors to create gridhide forecasts of
Demand Forecasts for Hydropower Hydropower Forecasting inflow and electricity demandncorporaing
Operations with Climate Change data on temperature, hydrologic conditions,
and grid performance.
San Gabriel Valley Water Company Modular Turbines A 0}% U} po-afit %% oQP o
AWopP v Wondpit /v 100kW inconduit water systenthat cantake
Hydropower Development Project the place of pressureeducing stations in the
*S & [ upuv] ]% 0 A & E «C-3
The Amador Water Agency in Pressure Reducing Turbine Developanin-conduit Pelton turbine runner
Conduit Hydropower Development at an existing pressureeducingstation,
Project capturing lost energy with a higheifficiency
design.

4.3.3.2 | Research Initiatives from Other Funding Entities

DOE Hydropower Vision Roadmap

/v :poC TiioU K E o ¢ ,C E}%}A E s]*]}vW stRendwabBlemactdEit }E u E
Source, whik discusses how U.S. hydropower can add 40 GW of capacity from 2015 to 2050. The
Hydropower Vision report includes a roadmap of recommended actions aimed at pursuit of the vision.
Table4-3 lists actions of interest for the continued growth oféonduit hydropowert4!

1A 0 SE] WEIPE u /vA «312026 TriEnBEIANWStid@ Plan o] (}Ev] v & P GCEMBQ0J2014023-CMFK
adopted on April 27, 201 &Energy.ca.gov/research/epic/tEP1E1/.

140 California Energ€ommission Innovation Showcag®ovation.energy.ca.gov/

WA C E}% A E E]JAIVAIN%S E (}ES*D EA [0 i o SE] ]JSC "}pE U_ K U TiinX
energy.gov/sites/prod/files/2018/02/f49/HydropoweYisior021518.pdf
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https://www.energy.ca.gov/research/epic/17-EPIC-01/
http://innovation.energy.ca.gov/
https://www.energy.gov/sites/prod/files/2018/02/f49/Hydropower-Vision-021518.pdf

Table4-23. Hydropower Vision Road Map, Areas of Need

Action Desciption
Action 1.1: Develop Next Continue development and research on new designs and methods for hydroelecti
Generation Hydropower power generation to maké competitive with other energy sources.

Technologies

Action 1.3: Validate Performance  Demonstrate the reliability of new technologies, minimizing risk and promoting
and Reliability of New Hydropower continued development.
Technologies

S]}v IXiwW /v E + ,C Continue assessmenf climatedriven weather @ents, how they affect hydropower
Resilience to Climate Change generation, andhow to mitigate their effects.

Action 3.1: Improve Valuation and Develop market systems that promote the positive characteristics of hydropower
Compensation of Hydropower in generation.
Electricity Markets

Action 3.3: Remove Barriers to the Expaml opportunity for financing lowcapacity hydropower through standardized
Financing of Hydropower documentation and outreach about small hydro.

Action 5.2: Compile, Disseminate, Continue communication of innovation, development, and fleet performance to
and Implement Best Practices and inform stakeholders of performance and effects of new technology developments,
Benchmarking in Operations and

Research and Development

Action 5.3: Develop and Promote  Encourage training in the field from the high school to trade levels to replace an a
Professional ad TradeLevel workforce.
Training and Education Programs

4.3.4 | R&D Opportunity Areas and Technologies Figure4-12. Small Hydrd&xperts Interviewed
To identify and prioritize R&D opportugiareas and x  Kurt JohnsonChief Executive Officer,
technologies fosmall hydropower, technical assessment ~ Telluride Energy

analystsrelied on state and federal government reports, X gr;?':i‘ggi”:\'l;ht'iOiggigg"og‘;":;?\e/\rfater
industry reports and peerreviewed research articles. Technologies

Research also includgahone interviews wittseveral x Sandra WalkeiChief Operating Officeand Ce
experts from government and other reseh institutions Founder Oceanus Power and Water

x Tim Welch, Program Manager,

across the United States. DOE Hydropower Progm

4.3.4.1 | Key Considerations
Expert interviews and literature review identify a number oftées worth consideration when dealing with
assessment, investment, or construction of saigitiropower generation in California. These areas are
broadly categorized into technical, financial, and regulatory considerations, as discussed below.

Technical Cosiderations
X A conduit hydro resource assessment is needed to obtain information to support resource

development The last assessment in California was done in 2005 but was limited in scope. Compared

to other states, California has an outsized potentialifeconduit hydropower and a strong incentive to

understand the full extent of this resource potential, which can be more clearly demonstrated through

combined study of resources, irrigation and municipal systems data, and information about water
rights.
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x Sandardized and modulacomponentsfor hydropower systems woulenable broader deployment
Standardized components can decrease costs and enhance system feasibility. Standard turbines that
can operate in a variety of flow conditions could be installedvargety of locations instead of being
customdesigned.

X Improved conduit system monitoring and controls could enable greater val8®art conduitsystems
could addvalue streams such as water monitoriagd leadto more accurate forecasting of power
genemtion and water delivery.

Financial Considerations

X The custom design and configuration of conduit hydropower systems increases capital. éostsy
site for inconduit hydropower is unique, with different flow rates, pressure heads, and civil structures
in place, as well as varying water rights of water purveyors and customers. Gasgineered systems
drive costs up.

x Project inancingcan be hard to secure because of the perceived high risk of small hydro systems
Small hydro projects can face high castpermitting, engineering, and interconnection. Current
permitting regulations favor smaller systems, but small systems typically having higher relative soft
costs.

Regulatory Considerations
x Small hydropower is typically not dispatchable because of thghiy controlled nature of water

delivery in Californialn-conduit hydro relies on the service of water purveyors to generate power.
While water is constantly flowing in municipal systems, energy production will be tied to seasonal
irrigation in Californige ( Eu]vP & P]J}veX

4.3.4.2 | R&D Opportunity Areas

The R&D opportunity areas rable4-24 A %o v Clv 8§z} ] vs8](] v s§z v EGPC }
2018t2020 Triennial Investment Plan. They are based on an extensive literature review and conversations
with experts.

Table4-24. Small Hydra Techndogy Research & Development Opportunity Areas

ID Opportunity Areas Description

O.H.1 Alternative Materials for Materials improvements that improve efficiency and/or bring materials cost:
Turbine Components down as a result of simplified manufacturing.

O.H.2 Electrical and Control Systems that support the flow of electricity from hydro turbines to
Systems interconnection points.

O.H.3 Environmental and Societal Processes and technologies that improve sound, effects on wildlife, and ott
Improvements environmental externalities.

O.H.4 Forecasting and Technologies that provide bettaruality data to predict power generation
Assessmerit because of precipitation, snowpack, runoff, and stored water in reservoirs.

O.H.5 *Integrate Climate Technologies that mitigate the effects of climate change on power generatis
Readiness intdelectricity and transmission capabilities.
System Operations, Tools,
and Models

O.H.6 Low-Head Application Technologies that allow for small hydro to be more feasible in conthats

have a low head.
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ID Opportunity Areas Description

O.H.7 RealTime Monitoring Monitoring systems that report data at short intervals, allowing for adjustme
Systems and control of systems to improve power output.

O.H.8 Site and Energy Assessmer Technologyhat can accurately assess the capacity and generation capabilit
of Existing Conduits of existing conduits.

O.H.9 Testing Methods and Test facilities to verify power production, test new technologies and designs
Facilities and lower costs.

0O.H.10 Turbinelmprovements Technologies that improve the efficiency and performance of turbines.

O.H.11 Turbine Standardization Innovations that simplify turbine design and make it replicable in a variety ¢

locations.

Research areas do overlap with EPIC investment interBlstse overlaps are given the following identifiers:
* Mentioned in EPIC Investment Plan: Previous and Planned EPIC Investments on Demand Response
1Relevant to Initiative 7.2.1 Improved Understanding of Climate and Wed#tbkted Risks and Resilience Opsi
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4.3.4.3 | Emerging and Breakthrough Technologies
The emerging and breakthrough technologieJ @&ble4-25 represent more targeted opportunities for Energy Commission investment and fall
within the aforementioned R&D opportunity areas.

Table4-25. Emeging and Breakthrough Technology Matrix

Parallel Research

ID Name Topic R&D Opportunity Areas Potential Impact
H.1 Cavitation Analysis Information Testing Methods and Preventing cavitation in turbinds necessary to ensure efficiency and minimi
Technology Facilities; Realime damage due to blade erosion.
Monitoring Systems
H.2 Composite Materials  Supply Chain Alternative Materials for Composite materials make hydropower components more lightweight
Turbine Components decreasing costs related to mafiagturing, transport, installation, and

maintenance.
H.3 Dead Level Turbine Legacy System System Standardization Turbines that can maintain a high efficiency over a variety of flows will

Efficiency Improvement generate more power and generate powaliably as flow rates change.
H.4 Hydrokinetic Turbines Innovative System LowHead Application; Submerged turbines that rely on water velocity instead of pressure head ar
Development Turbine Standardization ideal fit for locations with a stable eletran but fastflowing water.
H.5 Inflatable Weirs Innovative System LowHead Application Inflatable structures that alter the head can increase tluenberof sites
Development eligible for small hydro.
H.6 Modular Systems Supply Chain; System Standardization Producing components cffite that can easily be connected-gite will reduce
Operations and civil and installation costs while making small hydro scalable to a variety of
Maintenance sites.
improvement
H.7 Standardized Site Information Site and Energy Consistent methods that can be used for site assessments of all potential il
Assessment Tool Technology Assessment of Existing conduit hydropower locationsnproveunderstandng ofresource availability.
Conduits; Forecasting and
Assessment
H.8 Teg Facilities Information Testing Methods and Testing new components and desggran minimize the risk to developers and
Technology Facilities lower costs.
H.9 Water andlf- Legacy System Turbine Improvements Avoiding oilbased lubricants can maintain turbine efficiency while mitigating
Lubricated Turbines Improvement risk of water supply contamination.
H.10 Induction Generator  Legacy System Electrical Systems Induction generators can operate at lower cost while operating and being a
Improvement to withstand potential overspeed if the water flow increases.
H.11 Permanent Magnet Legacy System Electrical Systems Apermanent magnet generataran operate at a variety of speeds, being abli
Generator Improvement to consistently generate power no matter how water flow increases or
decreases.
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5 | Energy Storage Systems
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Energy Storag&ystems

California has the largest energy storage market altmited States and continues to increase in capacity,
thanks to requirements by California legislature, grid reliability needs, and incentive programs. Energy
storage systems are becoming an increasingly important grid resource used to complementabdityari

of wind and solar energy production, avoid demand charges for customers, and even replace generation
from natural gas peaker plants. Behitite-meter, distribution, and transmissietied systems are being
installed in California.

Energy storage capacity in California stayed relatively constant for several decades after the early 1980s,
when the largest projects, pumped hydropower, began implementation. The recent installation of new
battery systems and some thermal energy systeias increased the total generation of California projects.
However, ag-igure5-1 demonstrates, electra&chemical and thermal systems remain a small part of

0] (} & tojal[storage capacity.

Figure5-1 Energy Storage Capacity in California from 2001 to 2017
Data from DOE Energy Storage Databasergystorageexchange.ong/
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In 2017, Californiadded 68 MW of new energy storage
capacity, of which 62 MW was battery storage systems.
Overall, California had 4.16 GW of energy storage capacity
at the end of 2017: 95.3% (3.97 GW) was pumped hydro
storage, 4.2% (173 MW) was electrochemical storage
systems, and .04% (18 MW) was thermal storage systems.
The rest of the storage capacity was minimal (2 MW) and
provided by mechanical systems, such as flywheels

The recent increase in energy storage systems can be

attributed patially to the California Public Utilities

Commission (CPUC) 2013 deci5idiE <pu]E]JVP SZ 8 § [»

largest three IOUs to procure 1,325 MW of storage capacity

by 2020, with installation by 2024. However, utility storage

procurement to meet reliability needsuch as gas

shortages from the Aliso Canyon leak or the San Onofre

Nuclear Generating Station (SONGS) retirement, has  Figyre5-2. 2016 CAISO Energy Storage Rated Po
outpaced the storage mandate procuremefi?. The DOE Office of Electricity maintains a database of
Developers of new solar and wind systems are also reported energy storage projects across the globe.
finding that certain renewable installatiomsn compete  The database contains links and information on the
with fossil generating assets by packaging their systems Proiectand can be sorted byuttiple criteria including

) ) ) storage type and location.
with storage and offering power at a blended prit®. : o
energystorageexchange.org/projects/data_visualization

Looking forward, the DOE FY 2019 budget request

establishes cost performance targets, summarize@iahle5-1. DOE research efforts focus on new

materials and device technologies that can lead to significant improvements in the cost and performance of
utility-scale energy storage systems.

Table5-1. Energy Storage Cost Performance Targets (DOE)

FY 2017 FY 2019 Endpoint Target
Grid-scale (>1 MW) $350/kWh for a 4hour $225/kWh for a 4hour By the end of FY 2025, th
aqueous soluble organic aqueous solublerganic flow aqueous soluble organic flov cost of a prototype redox flow
electrolyte (redox flow system system; projected battery system will be
battery system) 1 MW/4 MWh system $100/kWh

operating at 150 mA/crh

"NMTUE W N % ESu vS }( v EPC &z T1id }VvPE e«<]}Pad 1:132PDOEZMarch-2048. s}opuu i
enerqy.gov/sites/prod/files/2018/03/f49/@EFY201BudgetVolume3-Partl 0.pdf

142This decisiostemmed from Assembly Bill 2514

“3n y EPC “3}E P D EI § "uEA C CPWTdmumissionsdr]Brefidg, October 24, 2038
cpuc.ca.gov/uploadedFiles/CPUC_Public_Website/Test_Calendar/CPUC%20Enerqy%20StoeakefdZlBurvey%20and%20Recommen
dations%2010.22.18(1).pdf

“iny o0 8} Z %0 T }o}E } } o hv]$e t]8Z ZGredntech MedipAdgustR9P2018
https://www.greentechmedia.com/articles/read/xceaktire-coatrenewableenergystorage#gs.8tdle3c
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https://www.energy.gov/sites/prod/files/2018/03/f49/DOE-FY2019-Budget-Volume-3-Part-1_0.pdf
http://www.cpuc.ca.gov/uploadedFiles/CPUC_Public_Website/Test_Calendar/CPUC%20Energy%20Storage%20Market%20Survey%20and%20Recommendations%2010.22.18(1).pdf
http://www.cpuc.ca.gov/uploadedFiles/CPUC_Public_Website/Test_Calendar/CPUC%20Energy%20Storage%20Market%20Survey%20and%20Recommendations%2010.22.18(1).pdf
https://www.greentechmedia.com/articles/read/xcel-retire-coal-renewable-energy-storage#gs.8tdIe3c
http://www.energystorageexchange.org/projects/data_visualization

5.1.1 | Resource Availability

Numerous economic, technological, and locational Figure5-3. Tracking Progress of Energy Storag
constraints and considerations affect when energy in California

storage systems are availe for use. This section will

analyze the impacts of physical location, use cases,

technology type, and raw materials on system availabilit

5.1.1.1 | Physical Location The Energy Commission releases sespmcific

. summaries that are updated retauly for several
Most energy storage systems are not restricted bythe @& v A o v EPC §1%] & X d:

same resource limitations as renewabthat rely on a WE}IPE «+_ E %}ES (JE v EPC
natural source of power (e.g., wind or sunlight). The August 2018.
exception is pumped hydropower plants that require
specific sites with a lowand a higkheight water reservoir
nearby. The lack of new pumped hydropower plant
installation in Californiand the United States can be partially attributed to a lack of available sites. In
addition, there are several environmental considerations that impede development of these projects.
K [+ ,C E}%}A E s]*]}v E % } EE076MW &f potérEiaBurdied hydro power capacity
is available in Californig>

Tracking Progress reports aeailablehere:
energy.ca.gov/renewables/tracking _progress/

Other energy storage projects, especially lithiton batteries, can be sited and deployed almost anywhere.
This is truer for behindghe-meter and smaller energy storage deployments than for utsitgle projects.
When energy storage systems are providambitrage or other grid services, there is a benefit to placing
them near transmission lines and junctions to limit losses and to ease integration onto the system.
However, utilityscale battery energy storage systems are large enough that environmemtaoial

issues associated with installation may warrant consideration.

Utility -scale energy storage (especially batteries) can be installed at existing substations, taking up far less
land than conventional generation; therefore, system installatioe&t a significantly smaller physical

imprint, as well as reductions to the cost and time associated with land procurement. Examples of storage
*Ce*S ue 0o} § § A]*S]vP eu 8 §]}ve Jvouy ~v ] P}" e v o0 SE]][-
battery sysem installed at its Escondido substatitth v. W (] '*+ v 0 SE&] [* ~W'™ [ee E
approved 182.5 MW Moss Landing substation energy storage prdject.

5.1.1.2 | Use Cases

V V EPC «3}E P «Ce3 uf[e pe e U }JE §Z « EA] * 8Z +Ce3 u ] ]vs
on resource availability. Unlike many types of generation that provide a single specific service (such as
energy, capacity, frequency regulatioricg, energy storage technologies can provide multiple types of

WA C E}%h}IA E s]*]}v Z %S E TW e¢ eou v3 }( E §]}v 0 ,C E}%}A E W}3 v3] oU_ &X "X % E
Office, energy.gov/eere/water/downloads/hydropowevisionchapter3-assessmennationathydropowerpotential

146 Project of theYear: SDG&E's Escondido energy storage projdttity Dive December 4, 201 1tilitydive.com/news/projectof-the-year
aesescondideenergy-storageproject/511157/.

147 PG&E Proposes Four New Ceffective Energy Storage Projects to CRUC :uv 16U TiioU
pge.com/en/about/newsroom/newsdetails/index.page?title=20180629 pge proposes four new cost
effective_energy storage projects to _cpuePUC Resolutiord®49, November 8, 2018,
docs.cpuc.ca.gov/PublishedDocs/Published/G000/M240/K050/240050937.PDF
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https://www.energy.gov/eere/water/downloads/hydropower-vision-chapter-3-assessment-national-hydropower-potential
https://www.utilitydive.com/news/project-of-the-year-aes-escondido-energy-storage-project/511157/
https://www.utilitydive.com/news/project-of-the-year-aes-escondido-energy-storage-project/511157/
https://www.pge.com/en/about/newsroom/newsdetails/index.page?title=20180629_pge_proposes_four_new_cost-effective_energy_storage_projects_to_cpuc
https://www.pge.com/en/about/newsroom/newsdetails/index.page?title=20180629_pge_proposes_four_new_cost-effective_energy_storage_projects_to_cpuc
http://docs.cpuc.ca.gov/PublishedDocs/Published/G000/M240/K050/240050937.PDF
http://www.energy.ca.gov/2017publications/CEC-200-2017-001/CEC-200-2017-001.pdf
https://www.energy.ca.gov/renewables/tracking_progress/

services and act as both flexible load and generation. However, as storage systems attempt to provide
multiple services, they run the risk of receiving simultaneous and/or conflicting ingtnscon how to

operate. In this event, a storage system may not be available to perform certain use cases if others take
precedent.

Additionally, storage systems operate differerdalyd have variant availability to provide multiple use cases,
depending orwhich services the systems are designed to provide. For example, a system designed for bulk
energy arbitrage may charge and subsequently discharge for multiple hours at a time, leaving it unavailable
to provide other services for several hours. Howevesystem designed to perform frequency regulation

may charge and discharge for only a few minutes or hours at a time and has greater availability to provide
other servicesBatteries can also vary the services they are intended to perform on ldegerweekly,

monthly, and seasonal cycles.

The CPUC recently defined multiple use cases that

energy storage systems can provide at the customer,

distribution, and transmission levels, established guidir ~'9ures-4.2014 CAISO Energy Storage Roadm
inciol h dh inal ‘ .dThezon I"K &} u %U "~ A v ]vP v

prln(.:lpes onwhen an 9w§13|ngesys gm canprovid oo o o 1 v EPC ASIE P d Zv

multiple use cases, and instituted a working group t0  gidance for CPUC, thedtgy Commission, and

refine the use cases and guiding principi&uture CAISO related to the following energy

CPUC decisions may further affect resource availabilit Storage actions:

by establishing rules around use cases that storage x  Planning
systems can provide. Additionally, California agencies X Procurement
have produced an energy storage roadmap that X Rate Treatment
discusses use cases for stordéfeand olganizations X Imerconnec.m.)n .
X Market Participation

such as the Rocky Mountain Institute have explored

multiple value streams and developed a list of services The roadmap is available here:
caiso.com/informed/Pages/CleanGrid/

that energy Storage SyStemS can prOVila%. EnerqvStoraqeRoadmap_aspx

Understanding the value of the resource is important f

encouraging continued development addployment of

energy storage systems in California.

A 2018 Lazard report examines the cost of energy stooaige subset of use cases that are the most
identifiable and commoin the context of its specific applications on the grid and behind the méter.

Each use case is describedrigure5-5. The use cases represent applications of energy storage that market
participants are utilizing now or will be utilizing in thear future.

148Decision 18)1-003, January 11, 201Bttp://docs.cpuc.ca.gov/PublishedDocs/Published/G000/M206/K462/206462341 . pdf

“on A v ]JvP v D A]Jul]l]vP §Z s op }hnologdE P C /2B@eEmPer 2D14caiso.com/Documents/Advancing
MaximizingValueofEnergyStorageTechnology CaliforniaRoadmap.pdf

EEEAY 4 }viul = }( 88 EC v EPCC B}EYP ]v, Octobés3035rmi.org/wp-content/uploads/2017/03/RIVH
TheEconomics@hatteryEnergyStorageullReportFINAL.pdf

BLAS | E [+ > A o]l }e§ }( "iVeEsithUv oCk]&E U E} A lazafH.comi/nbdia/a5074/lazardslevelizedcostof-
storageversion40-vfinal.pdf
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Figure5-5. Energy Storage Use Cadé3verview (Lazard 2018)

5.1.1.3 | Raw Materials

Related to the growing demand for lithium batteries in California and elsewhere, there is an expanding
interest indeveloping and extracting lithium resources. As of 2018, only one lithium production facility
existed in the United States, a brine operation in Nevada. Known lithium reserves in the United States
currently total 6.8 million tond>?In California, geothernidrines are expected to be the largest potential
source of lithium in California. A 2015 NREL report looks at the lithium resource near the Salton Sea in
southern California and estimates geothermal brines at that location could provide 54.2P@00 metic

tons of lithium by 203053 This development depends on improvements in lithium recovery technologies
and processes. The Salton Sea is one of a limited number of areas in California with lithium brine resources
Future lithium extraction from brines caliprovide revenues, expand local economies, and secure a source
of battery-grade lithium within state boundaries.

In addition to lithium, lithiurmion batteries require different materials for the anode and cathode. There
are numerous lithiurrion battery clemistries, each using different combinations of materials with differing
levels of resource availability. Some common cathode materials, such as cobalt and nickel, are relatively
rare, are expensive, come from conflict zones that deploy child labor aricbementally hazardous
practices, have potentially unreliable supply chains, and may not meet future energy storage déffands.
Consequently, developing lithition batteries that use more abundant minerals could greatly improve the

1B2ADlv E o }uu} ]SC ~puu E] » T1i6U_ hXA*X % ESu vS }( 8Z /vs EJ}EU hX~X ' }o}P] o "uE
minerals.$gs.gov/minerals/pubs/mcs/2018/mcs2018.pdf ) .

158Douglas' Pv § oXU ~dZ W}S v8] o (J&E ZVv A o v EPC A o}%u vs 8} v (]S Z -33r@ S]}v }(
]oU_ E §]}vo Zv A o v EPC nwel.ydF/dsddEyOBdstFEUAGHUPIIE Tiifi U

(8 8§} E-]}v]P ¢ % [®tielnternational Journal of Sciendaly 25, 201&ature.com/articles/d41586)18
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availability of lithiumion batteries in the future. In addition, cesffective recycling of lithium and other
minerals from spent lithiurmon batteries could be a source of lithium in the future.

5.1.2 | Technoloy Overview

A variety of energy storage systems, shown by maturifyigure5-6, can be used for one or multiple

energy storage applications. Certain energy storage systems may be better suited for one application than
another, basedonth «Ce% u[s E § %}A EU % ]35CU v EPC ve]SCU v ]

Rated power (expressad megawatts)
represents the maximum charge/discharge
power, whereas energy storage capacity
(expressed in megawattours) represents the
amount of energy that can be stored and
discharged. Energy density represents the
amount of energy stored in a givegséem or
region of space per unit volume. Discharge
rates represent how quickly the stored energy
can be discharged at rated capaciBhort
duration batteries are designed to provide
power for a very short time, usually on the
order of minutes to an hoywhereas log-
duration batteries can provide power for

155
several hours. Figure5-6. Maturity of Electricity Storage Technologies

This report organizes energy storage technologii Adaptedfrom DOE 2013, Grid Energy Storage report.

into three broad categories: mechanical,
electrochemical, and thermal. While many storage technologies are being installed behiotheust
meters, these sections focus primarily on uti#tiyale storage technologies.

5.1.2.1 | Mechanical Storage

Mechanical storage systems use mechanical components to store energy in the form of potential or kinetic
energy. When desired, the potential or kineticezgy is released and used to generate electricity. Pumped
hydro, flywheels, and compressed air are the most commercially advanced and common forms of
mechanical energy storage.

Pumped Hydro
Pumpedstorage hydropower (PSH) is the dominant utistale stoage method in California and around

the world. These facilities work by pumping water from a lower reservoir up to a higher reservoir during
times of low demand and then releasing that water through traditional hydropower generators when

BEARXAX '"E] v EPC "S}E P & $¢Z 3U_ hv]A E-]3C }( D] Z]&swmich&dFatlsteetsjugdd-]v o NCeS
energystoragefactsheetV %S (E}u " K I WZ/17iii o SE&] ]S¢C "S}E P , v }}l]v }oo }E& §]}v A]sZ

Laboratories, July 2018nergy.gov/sites/prod/files/2013/08/f2/ElecStorageHndbk2013.pdf
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power is needed. ifmped hydro technology has existed commercially since the late déhtury. Despite
few new installations in the past decade, PSH continues to account for 95.3% of totakutligystorage
capacity in California ar@i7%in the United Stateg>6157

Pumpedhydro installations sites must have specific characteristics to accommodate large water volumes at
two different heights. The rounttip efficiency for these plants varies between 60% and 80% because of

the wide spread of installation ages. PSH plantg warcosts, but current estimates put a 1,000 MW fixed
speed plant between $1,750 and $2,500 per kW. A variapéed plant costs between $1,800 and $3,200

per kw18

As shown inrable5-2, more than 91% of PSH capacity in California is over 30 years old, and some
infrastructure has been operating for more than 50 years. Increased deployment of variable power
generation has renewed interest in PSH projects. Several states and governmecieagee actively
evaluating and analyzing future PSH development in the United States. In California, one new pumped
hydro facility is in development in Riverside County. However, this project missed a construction target in
June 2018, which has putthf® o0 vS[e (LSHE ]Jv }u §X

Table5-2. Pumped Hydropower Plants in California

Plant Name Location Capacity Gross Energy 2017 Year

(County) (MW) (GWh) *Capacity  Operational
Factor (%)

Edward Hyatt Power Plant Butte 644 2,387 42 1967

Thermalito Pumping Butte 120 0 0 1968

Generating Plant*

W.R. Gianellis Pumped Stora¢c Merced 424 201 5 1968

Plant

K[E ]Joo W-@Gerfésatng Merced 28 0 0.04 1968

Plant

Castaic Pumped Storage Plan Los Angeles 1,682 566 4 1978

Helms Pumped Storage Plant Fresno 1,212 872 8 1984

Balsam Meadows/Big Creek  Fresno 200 425 24 1987

(Eastwood) Pumped Storage

OlivenhainHodges Storage San Diego 40 58 17 2012

Project

*Thermalito Pumimg-Generating Plant hashut-down

Flywheels
A form ofkinetic energy storage, flywheels work by transferring electricity into mechanical energy by

turning a spinning rotor. The rotor typically turns within a {pvessure enclosure to minimize resistance
and energy losses. Flywheel systems can be manufacttoedrecyclable and nohazardous materials
and can last more than 25 years. Flywheel systems are useful to the grid because they gmoilidey

%A K 'o} o v EPC "SJ@P ™ vS] € S]}v o >acessedNBVembker 19, 2Qkhergystorageexchange.org/

WA C E}% A E s]*]}VvREpSsi} EhOW X& uée ESu vS }( v EPCU t § E WIA E d Zv}io}P] « K((]
energy.gov/eere/water/downloads/hydropowevisionreport-full-report.

1B8Koritarov etal. "D} o]vP v v 0Ce]e }( s opu }( A v WpHUu% ,C El1%EP I Vv EZE]fvwdsnEIESS) E
2014 publications.anl.gov/anlpubs/2014/07/105786.pdf
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